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Abstract
A detailed sensitivity analysis of the effects of elastic parameter perturbations on the
velocity and amplitude of borehole guided waves is carried out for the simple open bore-
hole geometry as well as the radially layered geometry which occurs when an altered
zone is present in the formation or casing is introduced into the borehole. The results
of this analysis indicate that the Stoneley and pseudo-Rayleigh waves are sensitive to
variations in the formation shear wave velocity and shear wave attenuation factor. The
Stoneley wave is most sensitive to these properties when the formation rigidity is low
(slow formation), while the pseudo-Rayleigh wave is most sensitive to these properties
at frequencies near the cutoff frequency. Because the Stoneley wave is controlled by
the properties of the layers immediately adjacent to the borehole wall, the presence
of an altered zone in the formation can have a significant effect on the Stoncley wave
behavior. The presence of casing also has a large effect. The depth of investigation of
the pseudo-Rayleigh wave increases with decreasing frequency, therefore, the presence
of an altered zone or casing affects the velocity and attenuation of this wave at inter-
mediate frequencies. Both waves are very sensitive to the borehole fluid properties and
variations in the borehole radius.
In order to investigate the effect of borehole fluid viscosity on the guided wave at-
tenuation and dispersion, the wave propagation problem in a borehole containing a
viscoelastic fluid surrounded by an infinite elastic formation is solved using boundary
layer theory. The results indicate that the viscous drag losses are a small component
of the overall guided wave attenuation for the frequencies of interest in full waveform
acoustic logging (2-15kHz) and for reasonable viscosity values (1 - 1000 cP). These
losses, however, can be siguificant at low frequencies. The results of this study indi-
cate that friction between grains in fluid suspension may be the dominant attenuation
mechanism in the drilling fluids present in boreholes.
A linear least squares inversion, based on analytic partition coefficient expressions,
is developed to estimate the fluid and formation shear wave Q values from spectral
ratio measurements of the Stoneley and pseudo-Rayleigh waves in open boreholes. The
method provides excellent results when applied to synthetic data. Real data applica-
tions provide useful results, but noise reduces the resolution and increases the variance
of the estimates. Permeability related losses and transmission losses (if interfaces are
present) can have large effects on the estimated values. A similar procedure is devel-
oped for cased hole geometries. In this situation, the guided wave measurements are
used to provide estimates of the fluid, formation shear wave, and cement shear wave Q
values. Application of the method to synthetic data indicates that the formation shear
Q estimate is extremely sensitive to the pseudo-Rayleigh wave data quality very close
to the cutoff frequency.
Stoneley wave phase velocity and attenuation measurements show excellent corre-
lation with core measured permeability values in many situations. The phase velocity
decreases and the attenuation increases with increasing permeability. Calculations are
carried out using the Rosenbaum formulation of wave propagation in a borehole sur-
rounded by a Biot porous solid. The formulation is modified to include intrinsic atten-
uation in the borehole fluid and formation. Forward modelling results indicate that the
model can explain the attenuation variations seen in real data, but cannot adequately
explain the phase velocity variations. The presence and properties of a mudcake layer
along the borehole wall may play a key role in the Stoneley wave behavior. A linearized
least squares inversion is developed based on the Biot-Rosenbaum model which uses
measured Stoneley wave spectral ratios as input. The resulting permeability estimates
are in general agreement with the measured values obtained from two boreholes. The
Stoneley wave phase velocity measurements provide a very good measure of relative
permeability variations when corrected for all elastic property changes.
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Chapter 1
Introduction
Although surface geophysical measurements can provide much information on the na-
ture of the earth's interior, data collected from boreholes drilled into the shallow crust
provide direct knowledge about the geology of the subsurface. Rock cores extracted
along the course of a borehole allow the actual geologic record to be examined in detail.
Borehole geophysical measurements provide complementary information on the in-situ
physical properties of the rocks in the subsurface, and also provide much needed cali-
bration for any surface geophysical measurements. Borehole acoustic measurements are
particularly useful in providing information about the in-situ physical properties of the
subsurface formations. Acoustic measurements are obtained by generating a pressure
pulse along the axis of a fluid filled borehole and measuring the resulting pressure at
several receivers situated on the axis some distance away. The most common method
measures the travel time of the first arrival which travels at the P wave velocity of the
formation along the borehole wall. By recording the entire wavefield, however, much
additional information is gained. The first arrival of the full waveform acoustic 1,g
is the compressional head wave which propagates along the borehole wall. In most
situations two other prominant arrivals are present: the pseudo-Rayleigh and Stoneley
waves. These are borehole guided waves. The pseudo-Rayleigh wave is a dispersive
wavetrain which is related to the fundamental and harmonic resonances of the bore-
hole. The onset of this wave arrives at the shear wave velocity of the formation. The
Stoneley wave is an interface wave which propagates along the borehole wall and is
sensitive to the borehole fluid properties and the rigidity of the subsurface formations.
In most cases, the borehole can be adequately modelled as a fluid filled cylinder
surrounded by an infinite homogeneous formation. Such a situation is referred to as
an open borehole geometry. In an open borehole, the guided waves are particularly
sensitive to the shear wave velocity and attenuation of the formations through which
the borehole penetrates. The Stoneley wave velocity and attenuation are also affected
by the formation permeability. In many cases, however, this geometry is inappropriate.
Steel casing is cemented into many boreholes to prevent the hole from collapsing or to
seal off the flow of subsurface fluids. In addition, the formation may be damaged in
the drilling process, or drilling fluids may invade porous formations thereby displacing
the in-situ pore fluids, resulting in an alteration of the formation properties adjacent
to the borehole wall. The presence of casing and cement or an altered zone within the
formation can be modelled as a fluid filled cylinder surrounded by concentric annuli
representing layers of different elastic properties. The presence of casing or altered
formation zones also affect the guided wave behavior.
The focus of this thesis is to use the guided wave velocity and amplitude information
to estimate in-situ formation parameters. The shear wave attenuation factor and for-
mation permeability are the two parameters of particular interest. Before developing
and implementing the estimation procedures for these parameters, the sensitivity of
the guided waves to variations in the properties of the fluid, formation, and any inter-
mediate layers is investigated. This sensitivity analysis is preceded by an investigation
of the effects of a viscous borehole fluid. Since the attenuation of both guided waves ik
affected by the borehole fluid attenuation, the nature of the attenuation mechanisms
at work must be investigated. The borehole fluid in most cases, consists of a water or
oil base clay suspension which can have varying viscosity. The resulting attenuation
due to viscous drag at the borehole wall is found by solving a boundary layer problem
for wave propagation in a viscoelastic fluid surrounded by an infinite elastic formation.
The final two chapters deal with the formation property estimation problems. In
Chapter 5, a method for estimating the formation shear wave attenuation factor from
measurements of the guided wave attenuation is developed and applied to the synthetic
and real field data. In Chapter 6 the potential use of the Stoneley wave phase velocity
and attenuation to estimate the in-situ permeability variations is addressed.
In the next chapter, the general wave propagation problem in multilayered boreholes
is reviewed. This review serves as a starting point by describing how the material in
this thesis augments the work in the existing literature, and also sets up the notation
and terminology which will be used in the remaining chapters.
It should be noted that English units are still used extensively in many borehole
geophysical applications. As a result, parameter values and figure labels are often given
in both MKS and English units.
Chapter 2
Wave Propagation in a Borehole
Introduction
The theoretical study of wave propagation in a cylindrical borehole has undergone
somewhat of a rebirth in the past five to ten years, but the foundation was laid with
the early work of the 1950's and 1960's. Biot (1952) was the first to present a derivation
of the dispersion equation for guided waves in a borehole. He treated the case of a stress
free borehole and presented dispersion curves for the pseudo-Rayleigh wave, which he
referred to as reflected conical waves. White and Zechman (1968) generated synthetic
microseismograms for a borehole containing a rigid tool in the center. Since that
time, the use of synthetics to investigate wave properties and complicated borehole
geometries has become more commonplace. Rosenbaum (1974) investigated the effect
of formation permeability on the acoustic wavetrain by using Biot (1956a,b) theory to
model a porous and permeable formation surrounding a cylindrical borehole. Although
his results did not appear too promising, the potential use of full waveform aconstic
logs to predict in-situ permeability has become a topic of intense research in the past
few years, and will be discussed in more detail in chapter 6. Peterson (1974) studied the
full waveform as a sum of guided modes by generating synthetics via pole and branch
cut integration in the complex wavenumber plane. Tsang and Rader (1979) presented a
numerical investigation of seismogram synthesis in a borehole, concentrating on branch
cut integration to generate accurate compressional and shear wave arrivals. Cheng and
Toks5z (1981) used the discrete wavenumber method (as did White and Zechman) to
generate synthetics in a variety of formations. In addition to investigating the waveform
character as a function of formation parameters and frequency, they also derived the
dispersion equation for the case of an elastic tool along the borehole axis. Schoenberg
et. al. (1981) compared synthetic waveforms to laboratory scale model waveforms
for radially layered borehole geometries. White and Tongtoaw (1981) investigated the
more complicated case of a borehole surrounded by a transversely isotropic formation,
while Chan and Tsang (1983) treated the case of multiple radial layers each being
transversely isotropic. Paillet and White (1982) focussed on the pseudo-Rayleigh and
Stoneley modes, explaining their behavior by comparison with a plane layer analog
(a fluid layer between two solid half-spaces) and investigating the effect of fluid filled
fractures intersecting the borehole on their amplitudes. Cheng et. al. (1982) derived
expressions for the attenuation of guided waves as functions of formation attenuation.
Tubman et. al. (1984) generated synthetic microseismograms in cased boreholes, while
Baker (1984) studied the effect of invaded zones on the acoustic arrivals. Stephen et
al. (1985) studied the effects of radial velocity gradients and vertical heterogeneities by
generating finite difference synthetics. Schmitt (1985) generated synthetics for multiple
porous layers using Biot (1956a,b) theory. Kurkjian (1985) generated synthetics of
individual wave arrivals by residue theory and branch cut integration. Paillet and
Cheng (1986) presented a numerical investigation of the compressional head wave and
its associated leaky mode.
As can be seen from the brief review of the literature on borehole wave propagn-
tion presented above, the trend has been towards investigating borehole geometries of
increasing complexity. More important, however. is the trend towards focussing an in-
vestigation on specific wave types in the full waveform log, and attempting to study the
behavior and sensitivity of that arrival to variations in model parameters. The results
presented in this thesis follow this trend by investigating the behavior of the pseudo-
Rayleigh and Stoneley waves in a borehole and illustrating the sensitivity of these waves
to formation properties, particulary the shear wave attenuation and permeability.
Waves and Modes in a Borehole
Before presenting a review of the theoretical formulation for generating synthetic mi-
croseismograms in radially layered boreholes, a discussion of the types of waves that
propagate in a borehole is in order. The full waveform acoustic log is probably best
described as the sum of several guided wave modes. In most cases, the frequency spec-
trum employed in the recording of these logs is in the range of I to 20kHz with the
trend being towards lower frequencies (some applications, such as cement bond log-
ging, use higher frequencies). The wavelengths associated with this frequency range
are generally greater than the borehole diameter. Because of such large wavelengths,
the full waveform acoustic log represents the sum of modes which are guided along the
borehole wall or trapped, partially or completely, in the borehole fluid (Paillet et al..
1986). The recorded arrivals can be separated into three distinct packets: the com-
pressional head wave and associated Leaky P waves ( P-PL), the pseudo-Rayleigh, and
the Stoneley or tube wave. The compressional head wave is generated when the source
energy is critically refracted at the borehole wall. The Leaky P mode corresponds to
energy which is incident on the borehole wall at angles greater than the P-wave critical
angle but less than the shear (S) wave critical angle. This mode, then, is composed of
energy that is partially trapped in the borehole fluid, that is, it is leaking shear energy
into the formation as it propagates up the borehole.
When the incident angle reaches the shear wave critical angle, a shear headwave is
generated. The ampitude of this arrival is generally very small (Kurkjian, 1985) and is
usually overwhelmed by the pseudo-Rayleigh wave arrival. The pseudo-Rayleigh wave
represents a hybridization of Rayleigh surface waves in the solid and internally reflected
waves in the fluid (Paillet and White, 1982). Pseudo-Rayleigh waves are also referred
to as reflected conical waves (Biot, 1952) and shear normal modes (Paillet and White,
1982). These waves exhibit normal dispersion in the velocity range between the shear
velocity of the formation and the acoustic velocity of the fluid. These waves propagate
unattenuated (except for anelastic losses) up the borehole for frequencies greater than
some cutoff frequency, at which the phase and group velocities equal the formation shear
velocity. An infinite number of modes can exist, corresponding to the fundamental and
harmonic resonances of the borehole, although generally only one or two are present for
the frequency range of interest. The group velocity curve of the pseudo-Rayleigh wave
has a well defined minimum which results in the generation of a prominant Airy phase
in many situations. The amplitude of the pseudo-Rayleigh displacement is oscillatory
in the borehole fluid (behaving like the Bessel function of the first kind, Jo) and decays
exponentially in the formation (behaving like the modified Bessel function of the second
kind, Ko). Its depth of penetration increases with decreasing frequency.
The third and final propagating mode is the Stoneley wave or tube wave. The
Stoneley wave is a slightly dispersive surface wave which propagates along the borehole
wall at velocities less than the lowest body wave velocity of the total medium. If
the formation shear wave velocity is greater than the borehole fluid velocity, then the
formation is referred to as a 'fast' formation and the Stoneley wave phase velocity is less
than then the borehole fluid velocity. If, on the other hand, the formation shear wave
velocity is less than the borehole fluid velocity, the formation is referred to as a 'slow'
formation and the Stoneley wave phase velocity is less than the shear wave velocity of
the formation. This wave is analogou-s to the Stoneley wave generated along a fluid-solidI
interface in the plane layer geometry (Paillet and White, 1982). The amplitude of the
Stoneley wave displacement decays in an exponential fashion away from the borehole
wall in the fluid (behaving like the modified Bessel function of the first kind, Io) and
in the formation (like the modified Bessel function of the second kind, Ko).
In order to study the sensitivity of the full waveform acoustic log arrivals to vari-
ations in formation and borehole geometry parameters, it is necessary to be able to
generate synthetic acoustic logs for realistic models of interest. A number of authors
have generated such synthetic seismograms for a variety of borehole complications. As
mentioned in the literature review, White and Zechman (1968) modelled the case of a
simple open borehole with a rigid tool on the borehole axis, Cheng and ToksSz (1981)
modelled the effect of an elastic tool, Baker (1984) modelled the presence of an invaded
zone by including radially symmetric layering in the borehole geometry, and Tubman
(1984) also used the radially symmetric layering model to generate synthetic acoustic
log data for open, invaded, and cased boreholes. Other authors, as noted earlier, have
treated even more complicated situations such as anisotropy, but for the purposes of
this thesis the radially layered borehole models are adequate. The formulation used
by Tubman (1984) will be used to derive the period equation and generate synthetic
full waveform acoustic logs as needed. A brief review of his formulation will now be
provided.
Synthetic Acoustic Logs in Radially Layered Boreholes
The borehole model (Figure 2.1) is assumed to consist of a fluid filled cylinder of radius
R surrounded by coaxial annuli representing the various layers of the model. The
outermost layer consists of the solid formation which is assumed infinite in extent. The
fluid layer is referred to as the '0' (zeroth) layer, and the outer radius of layer n is r,.
The pressure response on the borehole axis at a distance z from a point source also
located on the axis takes the form:
(2.1)p(r = 0, z, t) = J f X(w)A(k, w)eik'e-wtdkdw
-00 -00
= source spectrum
= source - receiver separation
The response function A(k, w) is found by satisfying the boundary conditions at the
borehole wall for a point force on the borehole axis. The boundary conditions at the
interfaces between any solid layers are:
i) continuity of radial displacement
ii) continuity of radial stress
iii) continuity of axial displacement
iv) continuity of axial (shear) stress
The boundary conditions at the borehole wall (and all other solid-fluid interfaces
in the model) are:
i) continuity of radial displacement
ii) continuity of radial stress
iv) vanishing of axial (shear) stress
where:
X(w)
z
In addition, the solution must remain finite on the borehole axis and in the semi-
infinite formation. The propagator matrix method (Tubman, 1984) is used to relate
these boundary conditions across all of the interfaces of a model. A brief review of the
derivation of A(k, w) by this method is presented here in order to set up the notation
used in later sections.
The axisymmetric wave equation in terms of the displacement potentials for layer
n can be written:
+2, I 9n +2 1 O2 (2.2)
Or2  r r Oz2  ~ 70 2
8'r, n 8 2 - 2+2+ 
- (2.3)
Or2  r 2 r Z 2 Ot 2
and the solutions are:
On = [AKo (lnr) + A'Io (lar)] ei(kz -wt) (2.4)
n = [B,KI (mr) + B',I (mr)] ei(kz-wt) (2.5)
where:
cn
= k - 12)1/2
a,, = compressional wave velocity of layer n
n, = shear wave velocity of layer n
r = radial distance
z = axial distance
k = axial wavenumber
w = angular frequency
= scalar potential
On = azimuthal component of the vector potential
Ii = ith order modified Bessel function of the first kind
Ki = i'h order modified Bessel function of the second kind
A,, B, = amplitudes of outgoing waves
A' , B1 = amplitudes of incoming waves
The displacements and stresses in terms of potentials are:
u, - (2.6)
ar 4z
uL, + - +  (2.7)9r r Oz
S= p - 2p + + (2.8)
at, (rar z2' Dra
r = p t- 2p z rz (2.9)
at2 z2 9raz
where:
a = radial stress
r = tangential (axial) stress
p = density
p = shear modulus
The expressions for displacements and stresses are combined into a motion--~..
vector of the form:
U. = D,(r)an (2.10)
where:
UT = (ur, - iu, 7, - ir,]
a = [A A,, iB,, iB']
D, = 4 x 4 layer matriz
The matrix D is the propagator matrix and is composed entirely of Bessel functions
and layer parameter expressions. These expressions, which follow directly from equa-
tions 2.7 - 2.10 operating on the potentials given in equations 2.4 - 2.6, can be found
in Tubman (1984) and Tubman et al. (1984)
By equating the appropriate boundary conditions at each interface, a system of
three equations of the following form results:
[Y]
C
AN
iBN
=0 (2.11)
A non-trivial solution of equation 2.11 is the dispersion or period equation which is
given by:
YI = 0 (2.12)
In order to derive the response function A(k, w), the boundary conditions due to a
point source on the borehole axis are applied to equation 2.12. The system of equations
becomes inhomogeneous, resulting in a rational function of the form:
n
A(k, n)d (2.13)
which represents the pressure response function of the borehole. Total synthetic
full waveform acoustic logs can now be calculated by evaluating the expression in equa-
tion 2.1. Attenuation is included in this formulation (Tubman, 1984) by introducing
complex velocities according to (Aki and Richards, 1980):
c(w) = co 1 + 1 I i
rQ. wo 2Q,
= reference frequency
= complex phase velocity
= phase velocity at the reference frequency
= body wave quality factor of layer n
The guided waves which propagate in the borehole are represented by the poles
of the pressure response function A(k, w), or, equivalently, the roots of the dispersion
where:
(2.14)
c(w)
CO
Qn
equation (equation 2.12). If the formation is fast, that is the formation shear velocity is
greater than the borehole fluid velocity, a Stoneley wave root and one or more pseudo-
Rayleigh wave roots will exist. These roots are catagorized according to the following
criteria:
a) lo is real (i.e.- k2 > 4, that is, phase velocity is less than the fluid velocity)
which corresponds to the Stoneley wave root,
or,
b) o10 is imaginary (i.e.- k2 < 4, that is, phase velocity is greater than the fluid
velocity and less than the formation shear velocity) which corresponds to the pseudo-
Rayleigh wave root.
In order to satisy the radiation condition, the upper Riemann sheet is catagorized
by: Re(1) > 0, and Re(m) > 0.
The phase velocity and attenuation of the Stoneley and pseudo-Rayleigh waves
at a given frequency are found directly from the complex wavenumber roots (k =
krea + ikimagina,,) corresponding to each wave:
c -(2.15)
kreal
Q- 2 kimaginary (2.16)
kreal
By tracking the Stoneley and pseudo-Rayleigh roots in the complex wavenumber
plane as functions of frequency for a given borehole model, curves of phase velocity
dispersion and attenuation can be generated.
In order to study the effects of parameter variations on the full waveform acoustic
log, the integral pressure response expression (equation 2.1) can be evaluated via the
discrete wavenumber summation technique and an FFT ( Cheng and Toks6z, 1981).
Tubman (1984) generated such synthetic waveforms for a wide range of borehole and
formation parameters. Due to interfering arrivals, however, these seismograms can be
somewhat difficult to interpret. In order to simplify the interpretation problem, and
more easily quantify the effects of parameter variations on the Stoneley and pseudo-
Rayleigh waves, the wavenumber integral in equation 2.1 will be evaluated by residue
theory. At a number of frequency values the Stoneley or pseudo-Rayleigh wave root to
the dispersion equation is found and the residue of the pressure response function is
calculated by (Kurkjian, 1985):
n
residue(A(k, w)) = n (2.17)
The wavenumber integral (at some frequency, w) can therefore be represented by:
J A(k, w)e(ikz)dk = 2ri(residue) (e(ikrootz)) (2.18)
An FFT can be applied to evaluate the remaining w integral and obtain the Stone-
ley or pseudo-Rayleigh wave individual arrival. Kurkjian performed such computations
for the simple open borehole geometry (no radial layering) with no attenuation. He
compared the individual arrivals to the full synthetic acoustic log generated by the dis-
crete wavenumber technique and found very good agreement. In Chapter 4, Stoneley
and pseudo-Rayleigh wave roots of the dispersion equation will be found for a range
of open and multilayered models to see how sensitive the guided wave dispersion and
attenuation are to variations in formation and borehole parameters. In addition, mode
excitation curves, which are simply the norm of the residue values as a function of
frequency, will also be compared for these models. Finally, individual arrival synthetic
seismograms will be generated for a number of models to illustrate the waveform char-
acter variations due to parameter changes.
rOu Rbhole"01
rl
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Figure 2.1: Geometry of a radially layered borehole.
Chapter 3
The Effects of Viscous Borehole
Fluid
Introduction
In most previous formulations of the borehole wave propagation problem, the fluid
which fills the borehole is assumed to be perfectly elastic, that is, inviscid. However, it
is often found that in order to match synthetic microseismograms to actual field data,
the fluid must be lossy. Fluid attenuation is most commonly included by assuming a
constant Q value for the fluid (Cheng et. al., 1982; Tubman, 1984). Although these
assumptions simplify the analysis and result in good agreement with field data, there are
physical reasons for questioning their validity. First, by neglecting viscosity in the fluid,
there is no boundary condition at the borehole wall for the axial displacement, that is,
the axial displacement is allowed to be discontinuous. Such behavior suggests that the
fluid molecules can slide past the solid borehole wall more easily than they can slide
past themselves (Lamb, 1945). Fluid mechanical observations also indicate that the
'no-slip' condition is observed in practice no matter how small the viscosity (Lu, 1982).
It seems reasonable, then, to investigate the effect of imposing the additional boundary
condition on axial displacement. The second reason concerns the fluid attenuation
mechanism. The most reasonable attenuation mechanism for a fluid in a borehole would
be viscous drag at the borehole wall. In the absence of any viscosity, the assumption of
constant Q for the fluid is somewhat difficult to justify. One possible justification for
the use of a constant Q is based on the narrow frequency band commonly used in full
waveform sonic logging. If the frequency dependence of Q for the fluid is not too great,
it is reasonable to approximate it with a constant value over some limited frequency
band. This explanation also carries the implicit assumption that the axial displacement
boundary condition is not critical for the fluids and frequencies of interest in borehole
logging situations. The commonly used drilling fluids, however, are fairly complicated
in composition and dynamic behavior. These fluids can be viewed as suspensions of
barite (or some other high density material) and other compounds (including clay
minerals). Drilling fluids are also thixotropic, that is, the viscosity of the fluid is low
when the fluid is flowing, as during drilling operations, and is higher when the fluid
is stationary so that cuttings will remain in their proper spatial positions within the
fluid stream. Besides viscous losses, then, attenuation due to frictional sliding of the
suspended grains past one another is one possible loss mechanism. These questions
of boundary conditions and attenuation mechanisms are critical enough to warrant an
investigation of the effects of viscous borehole fluid on full waveform acoustic logs.
There has been very little work done on borehole wave propagation in the presence
of a viscous fluid. Stevens and Day (1986) briefly discussed the possible effects of
fluid viscosity and concluded that the effects would be negligible for any reasonable
values of viscosity and frequency. Schoenberg et. al. (1986) quantified the effects of
viscosity by deriving an effective dispersion equation for low frequency Stoneley waves.
The acoustic literature also contains the solution of similar wave propagation proLlem,
(sound propagation along narrow cylindrical ducts with viscous effects included, f,r
example. Pierce, 1981, pp.508-565). Biot (1956a and 1956b), in his derivation of
wave propagation in porous media, treated energy dissipation due the relative motion
between a viscous pore fluid and the solid framework of the porous material. In this
derivation, Biot modelled the pore structure by cylindrical tubes, which is analogous to
the present problem. Comparison of the results obtained for the viscous borehole fluid
with those obtained via the Biot theory (treated in chapter 6) highlight the similarity.
In the remainder of this section, the dispersion equation for a simple, open borehole
filled with a visco-elastic fluid will be derived. This is a boundary layer type problem
due to the fact that as viscosity approaches zero, the axial displacement becomes dis-
continuous at the borehole wall. Such problems are referred to as singular perturbation
problems because the nature of the problem changes dramatically when some small pa-
rameter, viscosity (q) in this case, becomes zero. In the previous chapter, when the
fluid was assumed to be 'perfectly' elastic, only three boundary conditions were im-
posed at the borehole wall: continuity of radial stress and displacement, and vanishing
of axial stress. When viscosity is introduced the axial stress is continuous at the bore-
hole wall and it is non-zero in the fluid. In addition, a fourth boundary condition is
imposed: the continuity of axial displacement. In order to satisfy this fourth boundary
condition, a viscous boundary layer is formed in the fluid adjacent to the borehole wall.
The boundary layer manifests itself in the azimuthal component of the vector potential
of the fluid, that is, the fluid supports shear motion in the boundary layer. A zeroth
order (in q) uniform solution for this shear potential in the fluid allows the period
equation to be derived and dispersion and attenuation to be calculated for Stoneley
and pseudo-Rayleigh modes. The results are in agreement with the qualitative results
of Schoenberg et. al. (1986) for low frequency Stoneley waves. Calculations of radial
and axial stress and displacement as functions of radial distance from the borehole axis
are also carried out to illustrate the structure of the viscous boundary layer. Higher
order solutions for the shear potential can be obtained, but for the range of viscositie
and frequencies of interest in acoustic logging, the errors (O(q)) are small.
Theory
In this section, the period equation for guided waves in a borehole containing a vis-
coelastic fluid is derived. The geometry of the borehole is assumed to consist of a
cylindrical borehole filled with a viscoelastic fluid surrounded by an elastic formation
of infinite extent. The problem is assumed to be axisymmetric. By assuming a vis-
coelastic fluid, the stress components in the fluid are proportional to strains and strain
rates. More specifically, the fluid is assumed to be Newtonian viscous, that is the shear
stress is equal to the product of viscosity and shear strain rate:
r 19E(3.1)
Problem formulation
For the simple open borehole geometry, the dilatational and shear potential solutions
to the wave equation for an elastic formation were described in chapter 2 and are:
¢ = [A'lo (Ir) + AKo (lr)] ei(kz - wt) (3.2)
= [B'Ii (mr) + BK, (mr)J e' (kz-wt)
where:
,, = k 1- )
mn = k 1-
r = radial distance
z = axial distance
k = axial wavenumber
w = angular frequency
,, = scalar potential
, = azimuthal component of the vector potential
Ii = ith order modified Bessel function of the first kind
K = ith order modified Bessel function of the second kind
A,, B, = amplitudes of outgoing waves
A',, B1 = amplitudes of incoming waves
The radiation condition requires that A' and B' both equal 0. These solutions are
unchanged for the problem being adressed here. In order to obtain the solutions for the
fluid, however, the equations of motion must be reformulated. The equation of motion
based on the radial forces acting on an elementary volume in cylindrical coordinates is
(assuming axial symmetry) (White, 1983):
aP,, P,, - P OPPU, d2 u,
+ + = p  (3.3)dr r Oz Ot2
where:
P;,i = elements of the stress tensor
p = density
u, = radial displacement
For a viscoelastic fluid as described above, the stress-strain equations of interest are
given by:
Prr = A [Or0u Or
U+
r
+ O(z + 2qaat
aur
Or (3.4)
Pa -a = Or
Idr
+ r
r
Pzr = -
at [Or Oz]
= fluid viscosity
A = Lame's constant of the fluid
us = axial displacement
Substituting Equations (3.4) into Equation (3.3) results in
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The dilatational potential in the fluid can he derived by substituting the following
expressions into equation (3.5):
where:
at r 0
UZ = -Oz
Which results in :
+ r + 92 JOr' r .r z1
2r 8'# 1 848' 1 "4
+ -- + + -A t OLr r dr 9 Z a a 9t2
where:
al = (A) 1 /2
Solving by separation of variables yields the following solutions:
Ofluid = [CIo (fr) + C'Ko (fr)] ei(kz-wt)
where:
f [2 ]1/2f2= -
I=I ~zI P )j"
The solution must remain finite on the borehole axis, therefore, C' must equal 0.
The solution given in Equation (3.8) reduces to the elastic solution when q = 0.
Because we have four boundary conditions which must be satisfied at the borehole
wall, a solution for the shear potential must also exist in the fluid. The straight forwa rd
approach to finding the shear potential solution is to substitute the following expressionu
into Equation (3.5):
(3.6)
(3.7)
(3.8)
U, - (3.9)
Or r
The resulting equation can be solved by separation of variables and yields:
Ofluid = [DII (fr) + D'KI fr) ei(kz-W (3.10)
where:
Again, the solution must be finite on the borehole axis, and therefore D' must equal
0.
An obvious problem exists with this solution. As q gets small the radial wavenumber
(f) gets very large, and the Bessel function becomes infinite. This behavior is not too
surprising since the problem is actually a singular perturbation problem. When j =
0, the axial displacement boundary condition is dropped and 0/ = 0 in the fluid. As
soon as q is non-zero, however, the nature of the problem abruptly changes to include
the axial displacement boundary condition. The problem must be solved by using
boundary layer theory. The fluid develops a thin boundary layer along the borehole
wall in which the viscous drag occurs. In this boundary layer the axial displacement
is rapidly changing. The rapid change in the axial displacement is due to the shear
potential of the fluid rapidly changing in this zone. It is reasonable to expect that the
solution outside the boundary layer will he equal to the non-viscous solution, that is.
= 0, and only be non-zero within the boundary layer.
Boundary Layer Formulation
The shear potential is found by substituting Equations 3.9 into Equation 3.5. Assuming
an oscillatory function of the form:
Ofluid = (r) e(kz -wt) (3.11)
the resulting ordinary differential equation in terms of the radial distance r is:
d2  I d(
dr2 r dr + k2 -p 0
To find the outer solution of this equation, that is the solution outside of the bound-
ary layer (Figure 3.1), Equation 3.12 is rewritten as:
rl d
+ drr dr + k' - iwp) = 0 (3.13)
Letting q -+ 0 results in:
(iwp) ( = 0 (3.14)
or:
(=0
The outer solution, then, is the same as the solution for the case of a non-viscou.
fluid.
(3.12)
1
2
The inner solution, that is the solution within the boundary layer, is somewhat
more complicated. Because the solution is rapidly changing in this narrow region it is
best to rescale the problem (Bender and Orzag, 1978, Chapter 9). The natural choice
is:
R-r
r = (3.15)
where:
R = borehole radius
r = radial distance
6 = boundary layer thickness
In terms of this new variable, as r -- R, r' -- 0, and as r -- 0, r' -~ - which
approaches infinity as 6 goes to zero. Equation (3.13) can be rewritten in terms of r'
by noting that:
d (3.16)
dr 6 dr'
d2  1 dE
dr2  62 dr'2
The resulting equation in terms of the inner variable, r', is:
q d2  ( + k - ip= 0 (3.17)
52 dr'2 6 (R - br') dr' (R - 6r')2
Dominant balance arguments indicate that 6 /V6 which leaves:
d2 r1/2 d
dr'2 (R - 6 r') dr (R - 6r')2 + qk - iWp = 0 (3.18)
Letting rl and 6 go to zero reduces the equation to:
d2 e
drh + piwp = o
The solution of this equation can be written as:
(3.19)
(3.20)+ D2 eXp- -iwpr I
The inner solution must match the outer solution as r' approaches co, therefore
D, = 0. Noting that:
1-i
v'2 (3.21)
Equation (3.20) is reduced to (the subscript on the constant D2 is dropped):
(3.22)
And, using Equation (3.15), the inner solution can be recast in terms of the original
variables as follows:
(r) = D exp -(1 (I - i) (R - r) (3.23)
(, = D [Wp r I
( D exp r(1 - i) 
The uniform approximation to shear potential in the fluid is represented by the sum
of the inner and outer solutions minus the matching solution. In our case, the uniform
solution is equal to the inner solution. The total, zeroth order, uniform approximation
for the shear potential in the fluid, is therefore given by:
fluid = D exp (- i) (R - r) (kz-Wt) (3.24)
The boundary layer thickness, or viscous skin depth, is given by:
6=F2 (3.25)
which is in agreement with Stevens and Day (1986), Schoenberg et. al. (1986), and
Pierce (1981). The boundary layer thickness is very small for almost any reasonable
viscosity and frequency values of interest. As an example, for a frequency of 1kHz and
a viscosity of 1000cP, 6 = 0.0056 of the borehole radius (R). The form of the solution
in Equation (3.24) indicates that when r=R, fluiUd takes on its maximum amplitude,
which is the constant D, and decreases exponentially away from the borehole wall.
Before moving on to the derivation of the period equation, a short discussion of
the approximate nature of the solution obtained for the shear potential is in order.
The solution given in Equation (3.24) is the zeroth order ( in r) solution which means
that the correction terms to this solution are of order q (O(q)). The error introduced
by neglecting these correction terms can be estimated by comparing the magnitude
of the zeroth order solution (Equation (3.24)) to the magnitude of ,q for the range
of parameters of interest. This has been done by comparing the maximum value ,f
Equation (3.24), that is the constant D, to the dimensionless (normalized) value of 1
For a frequency of IkHz and a viscosity of 1000cP, the errors are less than I percent
Errors are much less than 10 percent even for frequencies as low as 100 Hz with this
very high value of viscosity. These error values indicate that the zeroth order solution
is an excellent approximation for the probable range of viscosities and frequencies of
interest in acoustic logging.
Derivation of the period equation
In order to derive the period equation for guided waves in a borehole containing a
viscous fluid, four boundary conditions must be satisfied at the borehole wall:
i) continuity of radial displacement
ii) continuity of radial stress
iii)continuity of axial displacement
iv) continuity of axial stress
The radial and axial displacement in terms of potentials are given by:
U o 00
r r 9L (3.26)
u, = + + -
az ir r
and the radial and axial stresses in terms of potentials are:
Pr = P - 2p [ I + + (3.27)
- 2p [ z(3.( Z zar
For the viscous fluid, the p in Equations (3.27) and (3.28) is replaced by -iwq. By
using the potentials given in Equations (3.8) and (3.24), the displacements and stresses
in the fluid are:
u, = Cf Il (fr) - ikDe (3.29)
Wp +V 2rj (3.30)
-je,
r1
a= C [-pw'Io (fr) + 2iwq If (fr) - k210 (fr)]
- 2) e
r = C [2wrkf l (fr)] + D [-p w2 - 2iwqk2] e
S= - (1 - i) (R - r) wp
2 qr
The displacements and stresses in the formation are calculated by using the poten-
tials from Equation (3.2):
u, = -.AlK, (r) - iBkK, (mr)
(3.31)
where:
(3.32)
2P=
r = PF = P 0 t' (3.28)
(3.33)
uz = Ciklo (f r) + D [(1 - i)
+iD 2iunlk (1
u, = AikKo (Ir) - BmKo (mr) (3.34'
= A [-Pw'Ko (r)] + 2p KI (ir) + k 2Ko (lr)] (3.35)
+iB [2pk [inmKo (mr) + K (mr)]
r = -A [21piklK (1r)] - B [pw'K, (mr) + 2pk'2K (mr)] (3.36)
Equating terms at the borehole wall (r=R) results in the following system of equa-
tions:
Ya = O (3.37)
where:
aT = [A iB C iD
and Y is a 4 x 4 matrix whose elements are given by the terms in Equations 3.30 -
3.37. A non-trivial solution to this system exists when:
IY[ = 0 (3.38)
which is the period equation. By solving for the complex wavenumber rootsr ,f
Equation (3.38) over a range of frequencies, the dispersion and attenuation of Stonelv
and pseudo-Rayleigh waves are found for any given fluid and formation parameters.
)
Results and Discussion
The dispersion and attenuation of Stoneley and pseudo-Rayleigh waves are calculated
for a range of viscosity values in the presence of a fast formation. The parameters are
given in Table 3.1. Before presenting these results, however, plots of displacement and
stress terms near the borehole wall will be shown. Figures 3.2 through 3.5 illustrate
the variations in displacements and stresses in the vicinity of the borehole for the
Stoneley wave (1kHz) and several values of viscosity. The axial displacement profiles
(figure 3.3) show the boundary layer behavior of the fluid particulary well. In order
to make these calculations without imposing a source term, the constant C (the fluid
dilatational potential amplitude) was set equal to one. As a result, the displacement
and stress values are arbitrary. In addition, all calculations have been carried out with
dimensionless input parameters, and, as such, the displacement and stress values are
also dimensionless.
The complex wavenumber roots of the period equation have been calculated for
viscosity values of 0, 1, 10, 100, and 1000 centipoise (cP) for a fast formation. Phase
velocity dispersion and attenuation are calculated from the roots as outlined in Chapter
2. The results for the Stoneley wave are given in figures 3.6 and 3.7, while the results
for the fundamental mode of the pseudo-Rayleigh wave are given in figures 3.8 and 3.9.
The results are very similar to the behavior of Stoneley and pseudo-Rayleigh waves
in a borehole surrounded by a porous and permeable formation as described by Biot
(1956a,b) Theory. Biot (1956a,b) modelled a porous medium as a two phase medium
(solid and liquid). The liquid phase represents the pore fluid which is assumed to be
viscous. In order to derive the dissipation due to the motion of the viscous fluid, Biot
assumed that the pore space consisted of cylindrical tubes. Although obvious scale
difference exist between Biot's model and the problem being addressed in this chapter,
the two approaches are analogous and the agreement in the behavior of the dispersion
and attenuation curves should be expected. Biot theory, and its application to borehole
wave propagation as studied by Rosenbaum (1974), will be discussed in more detail in
chapter 6.
The dispersion and attenuation curves generated for the Stoneley and pseudo-
Rayleigh waves indicate that the effects of a viscous borehole fluid are quite small.
Stoneley wave dispersion is only negligibly affected in the normal logging frequency
range (2-15kHz) and the pseudo-Rayleigh wave dispersion is completely unaffected.
The Stoneley wave attenuation due to viscous drag at the borehole wall, although in-
creasing dramatically at low frequencies ( the attenuation varies as w-1/2), is quite
small even for very large viscosity values. For a frequency of 1kHz and a viscosity of
1000cP the attenuation is about 0.005 which corresponds to a Q value of 200. By con-
trast, studies of guided wave attenuation in the presence of a fast formation indicate
that the Stoneley wave attenuation is primarily controlled by the fluid attenuation.
As stated earlier, most modelling of acoustic logs requires fluid attenuation values of
about 0.05 or a Q of about 20. Viscosity values greater than 10,000 cP are necessary
to even approach Stoneley wave Q values of 20 (for example, for r = 10000 and a
frequency of 1000 Hz, the Stoneley wave attenuation is 0.02 (Q = 50). Comparison of
such values with the viscous loss values computed here indicate that the viscous losses
are quite small and can generally be neglected. (In the next chapter the variations
in the Stoneley wave attenuation as a function of the fluid and formation attenuation
values will be investigated in detail.) The psuedo-Rayleigh wave attenuation values
reach a maximum value less than 0.001 (Q of 1000) for a viscosity value of 1000cP,
again indicating that the viscous losses are much smaller than the attenuation values
normally needed in modelling.
Although 1000cP represents a very viscous fluid ( for example, at 20 0C : the viscos-
ity of glycerin is 1490cP; the viscosity of olive oil is 84 CP; and the viscosity of water is
lcP), the range of representative viscosity values for drilling fluid must be addressed.
The rheological properties of drilling fluids are of prime importance to the drilling pro-
cess. Drilling fluid primarily acts as a medium to transport rock cuttings away from
the drill bit and to the surface. It also maintains pressure on any subsurface pore fluids.
Most drilling fluids contain clay minerals which will adhere to the borehole wall (as the
fluid invades the subsurface formations) creating a mudcake which seals in formation
fluids and aids in maintaining the integrity of the borehole. Drilling fluids , in general,
are either water or oil base mixtures containing clays in suspension, barite or some
similar high density material to add weight, and a host of other possible chemical addi-
tives to adjust the fluid's dynamic or chemical properties. The viscosity of the borehole
fluid is of particular importance. A viscosity value that is too low may not hold the
drill cuttings in their proper relative positions in the flow line when fluid circulation is
stopped, while a value that is too high may result in difficulty in pumping of the fluid.
A number of authors have investigated the dynamic behavior of drilling fluids, with
particular emphasis on viscosity ( Hiller, 1963; Messenger, 1963; McMordie et al., 1975;
and Walker and Mays, 1975). Hiller (1963) performed laboratory measurements of vis-
cosity for a range of drilling fluids as functions of temperature and pressure. His results
indicate that oil base drilling fluids exhibit Newtonian behavior and have viscosities in
the range of 30 to 200 cP, depending on the temperature and pressure (Figure 3.10). A
number of water base drilling fluids which were tested exhibited Newtonian behavior
only at higher strain rates. That is, these fluids behave in a thixotropic manner, the
viscosity values are higher when the fluid is at rest, and lower when the fluid is flowing.
In the Newtonian regions, the water base fluids have viscosity values between 6 and 30
cP ( Figure 3.11). Hiller also studied the effect of clay suspensions in water and found
that the amount (and type) of clay can have a large effect on the viscosity behavior.
In most examples he measured viscosity values of between 5 and 40 cP, however in one
example containing a. high concentration of swelling clay, the viscosity at low strain
rates increased dramatically at high temperatures ( to 600cP at 3000 F) due to clay
flocculation. These results are shown in Figure 3.12. Although this example indicates
the possibility of high viscosity values for some drilling fluids, the combination of high
temperature, moderate pressure (1000 psi), high clay content, and low strain rates is
not likely to be encountered in normal drilling situations.
Conclusions
In conclusion, published studies of drilling fluid viscosity indicate that values of 5 to
200 cP are typical, with a possibility of values reaching 1000cP in extreme cases. The
typical values (5-200cP) result in viscous losses that are small in magnitude for the
Stoneley and pseudo-Rayleigh waves. This result, coupled with a recent laboratory
measurement of drilling fluid Q which was frequency independent (a water based mud
containing clay was found to have a constant Q value of 30 over a frequency range from
100kHz - 1MHz, (Tang and Toks6z, personal communication)), and the agreement
between synthetic and real microseismograms using a frequency independent fluid Q
value, points towards friction between solid particles in a suspension as the primary
loss mechanism. A more detailed study of the properties of drilling fluids, particularly
their viscosity and attenuation values over a wide range of frequencies, is needed to
fully understand the loss mechanisms.
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Figure 3.3: Stoneley wave axial displacement as a function of radial distance (normalized
to the borehole radius) for viscosity values of (a) 1, (b) 100, and (c) 1000 cP.
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Figure 3.4: Stoneley wave radial stress as a function of radial distance (normalized to
the borehole radius) for viscosity values of (a) 1, (b) 100, and (c) 1000 cP.
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Figure 3.5: Stoneley wave axial stress as a function of radial distance (normalized to the
borehole radius) for viscosity values of (a) 1, (b) 100, and (c) 1000 cP.
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Figure 3.6: Stoneley wave phase velocity dispersion (normalized to the borehole fluid(
velocity) for viscosity values of 0, 1, 10, 100, and 1000 cP.
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Figure 3.7: Stoneley wave attenuation ( Q-) for viscosity values of 0, 1, 10, 100, and
1000 cP.
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Figure 3.8: Pseudo-Rayleigh wave phase velocity dispersion (normalized to the borehole
fluid velocity) for viscosity values of 0, 1, 10, 100, and 1000 cP.
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Figure 3.10: Plots of shear stress versus strain rate for an oil base drilling fluid for (a)
variations in temperature and pressure, and (b) variations in pressure only for
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Figure 3.11: Plots of shear stress versus strain rate for two different water base drilling
fluids (a and b). The viscosity values for the linear portions of each curve are
noted. (from Hiller, 1963)
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Chapter 4
Guided Wave Sensitivity to
Formation and Borehole
Parameters
Introduction
In this chapter the effects of formation and borehole parameter variations on the Stone-
ley and pseudo-Rayleigh wave velocity and amplitude will be addressed. By tracking
the guided wave poles in the complex wavenumber plane, phase velocity dispersion and
attenuation curves can be generated for a range of model parameters. In addition, by
calculating the residue of each pole, excitation curves and individual mode synthetic
microseismograms are also generated. Peterson (1974) generated synthetic seismo-
grams by representing the pressure response integral as the sum of pole contributions
and branch line integrals, and Kurkjian (1985) generated synthetic seismogranms for
the two guided waves using residue theory. Neither author, however, investigated the
sensitivity of the waves to parameter variations, nor did they include the multilayered
geometry or anelastic effects.
A comparison of the individual arrivals generated via residue theory to a full wave-
form synthetic generated by the discrete wavenumber summation technique is shown
in Figure 4.1. The model used is a fast formation in an open borehole geometry. The
parameters are given in Table 4.1. The source function used is a 10kHz Ricker wavelet.
The agreement is excellent for the Stoneley wave and very good for the pseudo-Rayleigh
wave. The rippling artifacts in the pseudo-Rayleigh wave synthetic were found by
Kurkjian (1985) to be due to the presence of the shear wave branch cut. The synthetic
seismograms are included occasionally in the results section to help visualize the effects
of parameter variations. The dispersion, attenuation, and excitation curves, however,
provide the same information in a form which is more easily interpreted.
Calculations have also been carried out to generate energy partition coefficient
curves for a variety of borehole geometries and parameters. Partition coefficients rep-
resent the strain energy (compressional and shear) distribution of each wave among
the various layers of a given model. Plots of these curves as functions of frequency
illustrate the relative effects of each layer on the propagation of each guided wave. An
overview of the derivation of analytic partition coefficient expressions will be covered
in the next section along with a description of the root finding method used to track
the guided wave poles for the detailed sensitivity analysis.
Approach
Energy Partitioning of Guided Waves
Cheng et al. (1982) used the variational principle to analytically derive the partition
coefficients (partial derivatives of the phase velocity with respect to the body wave
velocities) for the Stoneley and pseudo-Rayleigh waves. The attenuation of the guided
waves can then be represented by the sum of the layer attenuation values weighted
by their respective partition coefficients. The partition coefficients are therefore a
measure of the partitioning of the energy of the wave within the layers through which it
propagates (Anderson and Archambeau, 1964). It should also be noted that the partial
derivatives of the phase velocity with respect to layer parameters are used as a basic tool
for interpreting dispersion curves for guided waves in any layered medium. By deriving
expressions for these derivatives, the effects of perturbations of layer parameters on the
phase velocity dispersion curves of the guided wave can be calculated, resulting in an
efficient means of fitting a layered model to the observed data. In this chapter, partition
coefficient curves for open and multilayered borehole geometries will be presented. In
Chapter 5, calculated partition coefficients will be used in an inversion procedure to
estimate formation and fluid Q values from guided wave attenuation measurements.
Theory
A common measure of attenuation is the quality factor, Q, or its inverse, Q-', the
dissipation factor. The dissipation factor can be defined as:
AEQ- (4.1)21rE
where:
AE
E
= strain energy dissipated per stress cycle
= total strain energy stored per stress cycle
For a layered medium the dissipation factor for a guided wave can be defined by a
summation over all layers ( n = 1,N ) ( Anderson and Archambeau, 1964):
Q-1 = v E =N E Of n-1 +: Q (4.2)
n n E a n1l
where:
E. = strain energy stored in layer n
Q-', Q-1 = body wave dissipation factors
The total attenuation for a layered medium can therefore he represented by a sum-
mation of attenuation factors for each layer weighted by the fractional strain energy
stored in that layer. For small values of Q-' the attenuation of a guided wave can also
be written (Anderson and Archambeau, 1964; Aki and Richards, 1980):
Q- = an Oc -1 C -1
n=1 C DOc n=1 c a 3n 3. (4.3)
The coefficients of the body wave attenuation values are referred to as partition
coeffiecients since they are a measure of strain energy partitioning.
Cheng et al. (1982) derived analytic expressions for partition coefficients of borehole
guided waves by using variational principles. Their derivation was based on the fact
that the energy of guided wave is constant ( that is, it is a conservative system),
and therefore the time average Lagrangian energy density ( the difference between the
kinetic energy and the elastic strain energy) of such a wave is a minimum (Hamilton's
principle) (Morse and Feshbach, 1953). In addition, Aki and Richards (1980) show that
the volume integral of the Lagrangian energy density vanishes for a guided wave. More
simply stated, the total elastic strain energy of a guided wave is equal, on average, to
the total kinetic energy. Using the vanishing of the Lagrangian energy integral and its
perturbations, Cheng et al. (1982) derived the following expression for the attenuation
of a guided wave in a borehole:
Q-' = + - - kuz [A + 2p Q;rdr (4.4)
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where:
I = p u + U rdr
and:
ur = radial displacement
us = axial displacement
A, p = Lame's constants
k = axial wavenumber
They also derived an expression for the partial derivative of the phase velocity with
respect to the layer densities:
-c + u2 rdr (4.5)
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These expressions were derived for a constant axial wavenumber (k) which means
that the guided wave Q-L value corresponds to the temporal Q-' value. To obtain
expressions for spatial Q-' the following relationship can be used (Aki and Richards,
1980):
Q_1 c _ (4.6)
Qpatial = Q(mpoal46)
U = group velocity
Although group velocity can be calculated numerically, a more stable integral ex-
pression can be derived from variational principles as well (Aki and Richards. 1980).
Using the Lagrangian expressions in Cheng et al. (1982), and perturbing k and ,, the
expression for group velocity is:
U l9W = 1 [ J'Pu + (A + 2p))u rdr + (4.7)
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The bracketed integral expressions which precede the body wave Q-1 values in
Equation 4.4 correspond to the normalized partial derivatives of Equation 4.3 and the
fractional strain energy expressions in Equation 4.2. These integrals are the partition
coefficients.
Although the integral expressions in Equation 4.4 were derived for a simple open
borehole model, they can be directly applied to a radially layered borehole model by
simply evaluating the integrals over each layer corresponding to specific radial distance
ranges. The integral expression preceding the shear wave Q-' value in Equation 4.4
will be referred to as the shear wave partition coefficient which corresponds to shear
strain energy, and the compressional wave Q-' coefficient will be referred to as the
compressional wave partition coefficient. For a given frequency, these coefficients are
computed by first finding the Stoneley or pseudo-Rayleigh wavenumber root of the
period equation for the given borehole and formation parameters. The partition coef-
ficient integrals for each layer are then numerically evaluated (via discrete summation)
over the radial distance range corresponding to each layer. The final layer, which is
evaluated out to a distance of between 2-20 borehole radii, or until convergence is
achieved, represents the formation in all models. Since the partition coefficients rep-
resent fractional strain energy, the sum of all partition coefficients should equal one.
This provides a simple check on the convergence of the total integral.
Because the integral expressions in Equation 4.4 contain displacement terms and
their derivatives, a side benefit of these calculations is the generation of radial and axial
displacement curves for each wave type. Plots of these curves illustrates the depth of
penetration of the guided waves.
Root Finding - Tracking the Guided Wave Poles
By tracking the Stoneley and pseudo-Rayleigh poles in the complex wavenumber plane
as a function of frequency, phase velocity dispersion and attenuation curves can be
generated as described in Chapter 2. By calculating the residue of each pole, the
excitation curve and synthetic seismogram can also be generated. The root of the
period equation corresponding to each wave is restricted to a specific area of the complex
wavenumber plane. For the Stoneley wave, the real part of the root is greater than
the value corresponding to the fluid velocity (in a fast formation) or the formation
shear velocity (in a slow formation). The imaginary part of the root will generally lie
between the values corresponding to the fluid and formation shear attenuation values.
The pseudo-Rayleigh wave (fundamental and higher modes) roots have real parts which
lie between the wavenumber corresponding to the formation shear velocity and fluid
velocity. The imaginary part will fall into the same region described for the Stoneley
wave.
Figure 4.2 shows the complex wavenumber plane with the Stoneley and pseudo-
Rayleigh (fundamental mode) pole trajectories as a function of frequency schematically
represented (for a fast formation). In order to find the Stoneley and pseudo-Rayleigh
roots of the period equation as a function of frequency, a search is conducted in the
cross-hatched zones of Figure 4.2. The horizontal cross-hatching represents the pseudo-
Rayleigh wave search zone, while the vertical cross-hatching represents the Stoneley
wave search zone. The value km;,,, indicated on the vertical axis of Figure 4.2 corre-
sponds to the imaginary wavenumber value equivalent to a Q value of about 10. The
search zone is divided into a grid of about 300 points and the period equation is eval-
uated at each point. The wavenumber which corresponds to the minimum value of
the period equation is used as the initial guess in a one-dimensional complex valued
Newton's method root finding routine to converge to the actual root value. Because
of the many period equation calls and Bessel function evaluations, double precision
calculations are needed to reduce roundoff errors and aid convergence. This gridding
procedure is only necessary for the first frequency value of interest, subsequent fre-
quency values are evaluated by estimating the root value based on the root found for
the previous frequency. Once the root has been obtained for a given frequency, the
phase velocity and attenuation are calculated according to Equations 2.15 and 2.16,
and the residue of the pole is evaluated by Equation 2.17. Group velocity values are
obtained numerically by :
U o (4.8)
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using backward differences. The phase and group velocity dispersion curves are gen-
erated with no anelastic effects included ( that is, no Q related dispersion is included).
As mentioned in Chapter 2, excitation curves are generated by plotting the norm of
the residue values versus frequency. Synthetic microseismograms can be generated by
evaluating the pressure response given in Equation 2.1. The wavenumber integral is
evaluated by residue theory (Equation 2.18), and the w integral is evaluated by au
FFT. Unless stated otherwise, the source is a 7.5kHz Ricker wavelet for all synthetics
shown in this chapter, and the source-receiver offset is 3.05m (10 feet).
Results and Discussion
In order to investigate the sensitivity of the Stoneley and pseudo-Rayleigh waves rt,
variations in the formation and borehole parameters, and allow the relative effects of
these variations to be appreciated, phase and group velocity dispersion, spatial quality
factor (Q), and excitation curves have been generated for a suite of models. Synthetic
seismograms of each wave have also been generated in some cases.
Rather than generate and present a multitude of results for perturbations of every
model parameter, a limited set of parameter perturbations will be presented. The pa-
rameters have been selected to illustrate a reasonable range of possible variations. The
modelling can be divided into two main groups: open hole geometry and multilayered
geometry. In the open hole situation the effects of general lithologic variations are
investigated by modelling four different formations - a 'slow' sandstone, a fast sand-
stone, a limestone, and a granite. The parameters for these models, and all others
in this chapter, are given in Table 4.1. The lithologic models are followed by a more
systematic study of the effects of variations in Poisson's ratio ( by varying the shear
wave velocity) and formation density, for both a fast and slow formation. Variations
in the borehole radius and borehole fluid (i.e. water versus a more dense drilling fluid)
completes the open hole modelling. The multilayered geometry modelling includes the
effects of: variations in the thickness of an 'altered zone' ( due to drilling induced dam-
age or drilling fluid invasion into the formation), changes in the cement parameters (V.
and p) in a cased borehole possibly due to variations in curing time or material quality,
and the presence and thickness of a fluid annulus behind casing (free pipe).
Partition coefficient curves are also presented for many of the models. These curves
provide a concise means of presenting guided wave sensitivity to velocity and density
perturbations, as well as body wave Q values. Energy partition coefficients repr-sent
a measure of phase velocity sensitivity to body wave velocity perturbations (Equatiou
4.3), and also provide a measure of the relative effect of the body wave attenuation
values (Q-') for each model layer (Equation 4.2). Density derivatives (Equation 4.5)
provide a measure of phase velocity sensitivity to density variations.
Open Hole Geometry
Partition Coefficients
The energy partition coefficient curves for the pseudo-Rayleigh wave in a open hole
with a fast formation are given in Figure 4.3. The curves for the Stoneley wave for the
same model are given in Figure 4.4. Partition coefficients for the Stoneley wave in an
open hole of the slow formation are shown in Figure 4.5. In these and subsequent par-
tition coefficient plots, P and S refer to compressional and shear energy curves and the
subscripts will refer to the layer of the model as follows: fm=formation, inv=invaded or
altered zone, cmt=cement, csg=casing. The borehole fluid curve is annotated by 'fluid'.
Near the cutoff frequency, the pR wave propagates with a phase velocity approaching
that of the formation shear velocity, while at high frequencies, the wave velocity ap-
proaches the fluid velocity. The energy partitioning reflects this behavior (Figure 4.3)
with almost all the strain energy of the wave being in the form of shear energy in the
formation at low frequencies, and in the form of compressional strain energy in the fluid
at high frequencies. The compressional strain energy in the formation accounts for only
a small fraction of the wave's energy. The Stoneley wave energy ( Figure 4.4 ) in the
same setting is poorly coupled to the formation with almost all the energy contained
in the borehole fluid for all frequencies. Again, formation compressional energy plays
a negligible role. When a slow formation is present, the Stoneley wave energy parti-
tioning is quite different (Figure 4.5). In this case, the Stoneley wave is well coupled
to the formation with most of the wave's energy being in the form of shear energy in
the formation.
The density derivative plot for the pseudo-Rayleigh wave is given in Figure 4.6, and
for the fast formation Stoneley wave in Figure 4.7. These curves vary with frequency in
a manner analogous to the energy partition coefficient curves. The range of sensitivity
values, however, is only half of that seen in the phase velocity derivatives, and the values
are of opposite sign. This is due to the fact that the density appears in the denominator
of a square root in the definitions of velocity. Increases in density result in decreases
in guided wave phase velocity, assuming that the bulk modulus and rigidity are held
constant. Because the energy partition curves provide more insight to the guided wave
behavior, the density derivatives will not be included for other models in this chapter.
The partition coefficient results indicate that the pseudo-Rayleigh wave phase veloc-
ity is very sensitive to changes in the formation shear wave velocity at frequencies near
cutoff and is sensitive to the fluid velocity at higher frequencies. In a fast formation,
the Stoneley wave phase velocity is very sensitive to the borehole fluid velocity at all
frequencies, although variations in the formation S wave velocity will have some effect
at low frequencies. In a slow formation situation, the Stoneley wave phase velocity is
much more sensitive to formation S wave velocity perturbations. The pseudo-Rayleigh
behavior is directly related to the depth of penetration of the spectral components
of the wave. Plots of radial displacement as a function of radial distance for several
frequency components will be presented in a later section to illustrate this point. The
Stoneley wave depth of penetration does not vary much with frequency, which is why
its velocity and attenuation are not strongly frequency dependent. These results also
indicate that the pseudo-Rayleigh wave attenuation will be very sensitive to the forma-
tion shear wave attenuation at frequencies near the cutoff and will approach the fluid
attenuation value at high frequencies.
Lithologic Variations
Parameters representing four different lithologies, a 'slow' sandstone, a 'fast' sandstone.
a limestone, and a granite, are given in Table 4.1. The fast sandstone parameters are
the same as those used to generate the fast formation partition coefficient curves just
discussed, while the slow sandstone parameters are the same as those used for the slow
formation partition coefficients.
The pseudo-Rayleigh phase and group velocity dispersion curves for the three 'fast'
lithologies are given in Figure 4.8, while plots of Q versus frequency are given in Figure
4.9, and excitation curves are shown in Figure 4.10. The dispersion curves (Figure 4.8)
(the phase and group velocities) approach the formation shear wave velocity near the
cutoff frequency. At the cutoff frequency the phase and group velocities are both equal
to the formation shear velocity (In many of the pseudo-Rayleigh curves the calculations
have not been carried out sufficiently close to the cutoff frequency to show the described
behavior exactly. This is simply due to the selected frequency step being too large
to adequately represent the rapidly changing behavior of this wave near the cutoff
frequency). In addition, as the shear velocity of the formation increases (Table 4.1)
the pseudo-Rayleigh wave cutoff frequency is shifted to higher frequencies, the mode
becomes more dispersive, and the group velocity minimum shifts to lower frequency.
This behavior is due to the increasing contrast between the formation shear wave
velocity and the borehole fluid velocity. The Q values show a similar behavior (Figure
4.9). In all cases, the pseudo-Rayleigh Q value approaches the formation Q. at the cutoff
frequency and the fluid Q at high frequencies. The Q values, therefore, go through
a more rapid change as the contrast between the fluid and formation shear wave Q
values increases. The pseudo-Rayleigh excitation amplitude (Figure 4.10) increases as
the formation tends towards more rigid, lower Poisson's ratio lithology. The amplitude
scale units are arbitrary, but remain consistent in all excitation plots in this chapter.
The relative amplitudes of all results, therefore, can be directly compared (this is true
for the Stoneley wave results as well). As the formation rigidity increases the pseudo-
Rayleigh wave amplitude increases and its frequency content becomes more narrow
band.
The Stoneley wave velocity and amplitude variations due to the same set of lithologic
parameters are given in Figures 4.11 - 4.13. The phase and group velocity dispersion
curves (Figure 4.11) show reverse dispersion in the fast formation cases, and normal dis-
persion in the slow formation case. The Stoneley wave velocity is sensitive to formation
S wave velocity variations in all cases, but most sensitive in the slow formation example
(V less than V,). The Q(spatial) curves (Figure 4.12) show very little variation in the
fast formation cases with all three examples resulting in the Stoneley Q value very
close to the fluid Q value (20). As the rigidity of the formation increases the Q values
become even more dominated by fluid Q. The slow formation Q values, however, are
much more sensitive to the formation shear wave Q as was illustrated with the partition
coefficient results earlier. The Stoneley wave excitation curves (Figure 4.13) indicate
that as the formation rigidity increases, the excitation amplitude increases, although
the effect is small between the different fast formation examples. The slow formation
lithology, however, has lower excitation amplitudes. These curves illustrate the low
frequency excitation behavior of the Stoneley waves ( amplitude varying inversely with
frequency). In slow formation situations, the excitation drops off very quickly with
increasing frequency, so a low frequency source is needed to efficiently excite Stoneley
waves in such situations.
A comparison between the Stoneley and pseudo-Rayleigh wave excitation curves
(Figures 4.13 and 4.10) shows the very different behavior of the two waves. The Stone-
ley wave is excited at low frequencies, while the pseudo-Rayleigh wave is excited at
higher frequencies and has lower amplitude. These excitation differences allow the two
wave types to be easily separated in the frequency domain, where separation in the
time domain is often difficult due to inteference (notice that the pseudo-Rayleigh wave
group velocity minimums are in the same velocity range as the Stonelcy wave). A fre-
quency domain separation technique will be used in Chapter 5 to obtain spectral ratiu,
measurements of each wave.
The results of this section indicate that as the formation rigidity increases, the
borehole becomes a more efficient waveguide which results in an increase in the guided
wave excitation amplitudes. The pseudo-Rayleigh wave is very sensitive to changes
in the formation S wave velocity, while the Stoneley wave is somewhat less sensitive
(in fast formation situations). The Stoneley wave becomes much more sensitive to
formation parameters when the formation is 'slow'. In the examples presented here, all
formation parameters were varied simultaneously. In the following sections, formation
V, and p will each be perturbed separately for both a fast and slow formation example.
Fast Formation
Shear Wave Velocity Variations
The sensitivity of the guided wave velocities and amplitudes to formation S wave veloc-
ity variations is examined by perturbing the shear wave velocity of the fast sandstone
lithology model (Table 4.1) by +-20 percent about the original value. All other param-
eters are unchanged. Figures 4.14 - 4.16 present the results for the pseudo-Rayleigh
wave dispersion, Q, and excitation, while Figures 4.17 - 4.19 present the same set of
curves for the Stoneley wave. The pseudo-Rayleigh wave dispersion curves (Figure
4.14) are similar to the results obtained for the lithologic variations. As the shear ve-
locity increases, the cutoff frequency shifts to slightly higher frequencies and the wave
becomes more dispersive due to the increasing contrast between the fluid and forma-
tion shear wave velocities. The group velocity minimum (Airy phase) shifts to lower
frequencies as well. The Q curves (Figure 4.15) for the pseudo-Rayleigh wave again
show the sensitivity to Q, at low frequencies and Q/ at high frequencies. The shift
to higher cutoff frequency with increasing V, results in the Q values changing more
rapidly in a more narrow frequency band ( the curves vary in a manner similar to the
group velocity curves). The excitation curves (Figure 4.16) are also similar to tho,'e
obtained for the lithology variations. Increasing V, results in an increase in the excita-
tion amplitude and a trend towards a narrowing of the frequency band corresponding
to the peak excitation.
The Stoneley wave dispersion, Q, and excitation curves due to variations in forma-
tion V, are also very similar to the results presented in the lithologic section presented
earlier. Increasing the shear wave velocity results in an increase in the phase velocity,
a decrease in the Q values (Q approaches the fluid Q value), and an increase in the
excitation. The results of this section indicate that the guided wave behavior due to the
lithologic variations was primarily due to the shear wave velocity changes and not the
density or P wave velocity perturbations. This conclusion is supported by the results
of the next section which perturbs the formation density.
Formation Density Variations
The effects of formation density variations on the guided waves are modelled by con-
sidering the fast sandstone lithology (Table 4.1) with two density values: the original
density of 2.16 gm/cc and a value 20 percent higher, 2.59 gm/cc. The effects of this
perturbation are small and figures are not included. The pseudo-Rayleigh dispersion,
attenuation, and excitation are only slightly affected by this perturbation. All curves
are shifted to slightly higher frequencies, but the curve shapes are essentially unchanged.
The Stoneley wave phase velocity increases by about 10 percent when the density in-
creases. The Q values decrease slightly for the higher density case. As in the previous
examples, any parameter perturbation which increases the formation rigidity results in
the Stoneley wave energy being cofined to a greater degree in the borehole fluid. Since
the fluid is very lossy ( Q/ = 20) in these examples, the Stonleley wave Q moves closer
to the fluid Q value as the density increases. Stoncley wave excitation is only negligibly
increased with an increase in the formation density.
Slow Formation
In a slow formation only the Stoneley wave exists as a guided wave. The behavior of
this wave in a slow formation is quite different from the behavior in a fast formation.
As was seen in Figures 4.11 - 4.13 and in Figure 4.5, the Stoneley wave becomes much
more sensitive to the formation V, and Q. in these formations. The excitation is also
reduced in slow formations. In this section perturbations in V, and p are treated for a
slow formation.
Shear Velocity Variations
The slow sandstone lithology parameters (Table 4.1) provide the starting point in
this section. The shear wave velocity value is perturbed by +-10 percent about the
initial value and all other parameters remain unchanged. The Stoneley wave dispersion
curves are given in Figure 4.20. The dispersion in each case is almost identical with
a constant shift in the velocity of about +-5 percent for the +-10 percent change in
shear velocity. Several authors (Cheng and Toks6z, 1983; Stevens and Day, 1986)
have proposed methods of using the Stoneley wave velocity to determine the formation
shear wave velocity in slow formations. These methods provide very good estimates if
no appreciable permeability is present which can affect the Stoneley wave velocity (see
Chapter 6). The Stoneley Q values (Figure 4.21) indicate that as the shear velocity
increases, the coupling to the formation is reduced and the fluid Q becomes more
important, at the expense of the formation shear wave Q. This trend is consistent with
the behavior in fast formation situations. The excitation amplitudes (Figure 4.22)
increase as the shear velocity increases
Formation Density Variations
The effects of increasing the formation density in the slow formation are negligible.
The phase velocity increases slightly, while the Q values and excitation curves remain
essentially unchanged.
Borehole Parameter Variations
The results thus far indicate that the Stoneley and pseudo-Rayleigh wave are very
sensitive to variations in the formation shear wave velocity but show little variation
with formation density changes. In this section the effects of perturbations in non
formation properties, specifically the borehole fluid and radius, are addressed. The
formation parameters in this section correspond to the fast sandstone lithology (Table
4.1).
Borehole Fluid Variations
The effects of borehole property variations is investigated by considering two types of
borehole fluid: water and a dense drilling fluid. For water, the velocity is assumed to,
be 1509 m/sec (4950 ft/sec) and the density is 1.0 gm/cc. The drilling fluid velocity is
set at 1676 m/sec (5500 ft/sec) and the density is 1.2 gm/cc. The drilling fluid quality
factor is 20, while the water is assigned values of 100 and 20 in order to illustrate the
effects of fluid Q values. The quality factor for water is actually on the order of 10000.
however these lower values allow comparisons with the drilling fluid results to be more
easily made.
The pseudo-Rayleigh wave dispersion (Figure 4.23), Q values (Figure 4.24), and
excitation (Figure 4.25) all indicate that the fluid properties are very important. The
dispersion is less when the higher velocity drilling fluid is present because the velocity
contrast with the formation shear velocity is reduced. The cutoff frequency, however, is
basically unaffected by the type of fluid present. The Q values (Figure 4.24) illustrate
the effects of fluid Q on the pseudo-Rayleigh wave quite clearly. The curves representing
the drilling fluid and water with Q values of 20 show the variations due to the dispersion
differences. The curve for water with a Q value of 100 illustrate the fact that the
wave's Q value asymptotically approaches the fluid Q value at high frequencies, and
the formation shear Q at the cutoff frequency. The modal excitation is also affected by
the fluid properties (Figure 4.25). The peak excitation of the pseudo-Rayleigh mode is
reduced by about 30 percent when the drilling fluid replaces water.
The Stoneley wave dispersion, Q, and excitation curves for the same fluid variations
are shown in Figures 4.26 - 4.29. The dispersion curves (Figure 4.26) are shifted to
higher velocities due to the higher velocity drilling fluid, but the form of the curves
themselves are unchanged. The shift in the Stoneley wave velocity is actually slightly
less than the velocity increase due to the drilling fluid. This can be seen in Figure 4.27
which shows the same dipersion curves but each is normalized to its own fluid velocity.
The Stoneley wave velocity in the drilling fluid example is a slightly lesser fraction of
the fluid velocity than in the water case. The Q values for these fluid types are shown
in Figure 4.28. As was shown in the partition coefficient curves, the Stoneley wave Q
is approximately equal to the fluid Q value at all frequencies (for a fast formation).
The excitation curves (Figure 4.29) indicate that only minimal changes occur with
variations in the fluid properties. Figure 4.30 presents the synthetic Stoneley wave
arrivals for the three fluid examples. The velocity and attenuation variations are easily
seen.
Borehole Radius Variations
The general effects of borehole radius variations have been discussed by Cheng and
Toks6z (1981) and Tubman (1984). Cheng and Toks6z (1981) investigated the effect
on the guided wave behavior of adding a cylindrical elastic tool on the borehole axis
within the borehole fluid. Their results indicate that the presence of a tool produces
the same effects as a reduction in the borehole radius: an increase in the Stoneley
wave amplitude, and a shift of the pseudo-Rayleigh wave dispersion and excitation to
higher frequencies. The Stoneley wave amplitude increases with a smaller borehole
radius because the receiver (situated on the borehole axis) is closer to the borehole
wall where the amplitude is a maximum. The shift of the pseudo-Rayleigh waves to
higher frequencies is due to a shift in the borehole resonances to higher frequencies as
a result of the smaller dimensions of the fluid column. Tubman (1984) reached the
same conclusions when he studied the effects of inserting steel casing and cement into
the borehole ( and therefore reducing the radius of the central fluid column ). The
resulting changes in the guided wave behavior in such a geometry, however, are further
complicated by the elastic properties of the added layers.
In this section, the borehole radius value is perturbed about the 0.1m ( 4") value
used in all the previous examples. The formation parameters, again, correspond to the
fast sandstone lithology ( Table 4.1 ). The borehole radius values are : 0.064m (2.5"),
O.1m (4"), and 0.14m (5.5").
The pseudo-Rayleigh wave dispersion, Q, and excitation curves corresponding to
these three borehole radii are shown in Figures 4.31 - 4.33. Synthetic microscismograms
are given in Figure 4.34. The dramatic shift in the frequency range of excitation is very
evident in these figures. The dipersion curves (Figure 4.31) are almost identical except
for the shift in the cutoff frequency. The excitation curves (Figure 4.33) are shifted
to higher frequencies as the borehole radius decreases, but the peak amplitude and
character of the curves are identical. The synthetics (Figure 4.34) indicate the effects
of the borehole radius changes when a constant bandwidth source is used. The source is
a 7.5kHz center frequency Ricker wavelet. As the radius decreases, the pseudo-Rayleigh
excitation spectrum moves further away from the source spectrum peak, resulting in a
significant decrease in the amplitude.
The Stoneley wave dispersion, Q, and excitation curves are given in Figures 4.35 -
4.37. The dispersion curves converge to the zero frequency velocity limit for all radius
values, but the mode is more dispersive as the borehole radius increases. As the radius
increases, the Stoneley wave approaches the fluid velocity more rapidly as frequency
increases. This is due to the fact that the wave is only affected by the formation at
lower and lower frequencies as the radius increases. The Q curves illustrate the same
effect, as the borehole radius increases, the Stoneley wave Q value moves closer to the
fluid Q value. Finally, the excitation curves (Figure 4.37) show that the Stoneley wave
excitation amplitudes increase as the borehole radius decreases.
The results presented in this section indicate that the guided waves are very sensitive
to borehole parameter variations. Variations in the borehole radius or fluid properties
can produce large variations in the dispersion, attenuation, and excitation of both the
Stoneley and pseudo-Rayleigh waves. It is clear that these parameters must be known
before attempting to extract formation information from the guided wave behavior.
Of the two borehole parameters studied, the borehole radius variations are probably
the most critical. This is because the fluid properties can be considered constant
throughout the entire borehole depth and therefore will not affect the relative variations
in guided wave behavior due to formation effects. In addition, the fluid properties are
fairly well constrained and can normally be measured or estimated with reasonable
accuracy. The borehole radius, however, may be quite variable. The radius can vary
due to variations in the rigidity, composition, pore pressure, or amount of fracturing
present in the formations through which the hole penetrates. Shales may swell on
contact with the drilling fluid, reducing the borehole radius, while fractured units may
break away from the borehole wall thereby increasing the radius. Normal borehole
logging programs make measurements of the borehole radius which are adequate to
correct for these variations.
Multilayered Borehole Geometries
In this section the sensitivity of guided wave dispersion, attention (Q), and excitation
are investigated for multilayered borehole geometries. Three specific situations will be
investigated. First, the presence and thickness of an altered zone in the formation will
be treated. During the drilling operation high stress is applied to the formation in the
vicinity of the drill bit which can alter the formation porperties by causing cracks to
form out to some radial distance. The drilling fluid can also penetrate, or invade, porous
formations displacing the pore fluids and resulting in altered formation properties. The
effect of an altered zone is treated by modelling the borehole as a three layer system -
the central fluid filled borehole, a thin solid layer representing the altered zone, and the
infinite solid formation. Second, the cased hole geometry will be studied. The geometry
is modelled as a four layer system consisting of a steel casing layer and cement layer
inserted into the fluid filled central column, and in perfect contact with the formation.
In addition to a discussion about the guided wave behavior in the cased versus open
boreholes, the effect of variations in cement parameters will be investigated. The casing
properties can be considered constant and known, but the cement properties can vary
depending on the preparation and curing time. Finally, the presence and thickness of a
fluid annulus zone between the casing and cement layers is investigated. This situation,
also referred as a free pipe case, is modelled as a five layer system - the central fluid.
the steel casing, fluid annulus, cement layer, and formation. The free pipe situation is
caused by inadequate bonding between the cement and steel casing.
Altered Zone Effects
The formation parameters correspond to the fast sandstone lithology and the altered
zone parameters correspond to the same lithology with velocities decreased by 10 per-
cent and higher attenuation factors (Table 4.1).
Partition Coefficients
The partition coefficient curves for the pseudo-Rayleigh and Stoneley waves are given
in Figures 4.38 and 4.39 for an altered zone thickness of 0.076m (3"), and Figures 4.40
and 4.41 for an altered zone thickness of 0.152m (6"). In these figures, the compres-
sional energy curves for the altered zone and formation have been removed to simplify
the presentation (both curves have maximum values of less than 2 to 3 percent). These
curves provide an excellent sense of the nature of the guided wave propagation. The
pseudo-Rayleigh wave depth of penetration into the solid layers increases with decreas-
ing frequency, while the Stoneley wave penetration depth in the solid layers is small at
all frequencies (for a fast formation). The partition coefficient curves for the pseudo-
Rayleigh wave for the 0.076m (3") (Figure 4.38) and 0.152m (6") (Figure 4.40) altered
zone illustrates this penetration depth variation. At low frequencies (near cutoff) the
pseudo-Rayleigh wave propagates at velocities very close to the formation S wave ve-
locity and most of the energy is in the form of rotational strain energy in the formation.
At high frequencies, the wave's energy is primarily in the fluid and the phase velocity
approaches the borehole fluid velocity. The altered zone effects are seen in the interme-
diate frequencies. As the altered zone thickness increases, more of the pseudo-Rayleigh
wave energy is stored in that layer, and the effect shifts towards lower frequencies. The
results for the 0.152m (6") altered zone (Figure 4.40) indicate that if the altered zone
thickness was increased further, the altered zone shear energy curve would eventually
replace the formation curve (i.e., in the limit of infinite altered zone thickness, the
'open' hole curves would result with the formation parameters replaced by the altered
zone parameters).
The Stoneley wave curves for the 0.076m (3") and 0.152m (6") altered zone thickness
are given in Figures 4.39 and 4.41. The Stoneley wave penetration into the solid layers
is quite shallow and almost invariant with frequency. The fluid layer contains most of
the wave's energy, with the altered zone carrying most of the remainder as shear energy.
As the altered zone thickness increases to 0.152m (6"), the formation effects decrease
somewhat, but the results are very similar for both thickness values. Comparison of
these curves with the results generated for an open borehole with no altered zone
present (Figure 4.4) indicate that the Stoneley wave couples to the slower altered zone
more efficiently than the fast formation ( that is, the fluid energy decreases slightly and
the energy in the solid layers increases slightly with the altered zone present). This
trend is vividly illustrated by reducing the altered zone velocities to 70 percent of the
formation values. The resulting curves for the 0.152m (6") altered zone are shown in
Figure 4.42. The fluid energy is reduced to about 50 percent while the altered zone
energy is increased to about the same value. The curves for this example are very
similar to the results for the slow formation given in Figure 4.5.
Altered Zone Thickness Variations
The effect of the thickness of the altered zone on the guided wave propagation an(d
attenuation is now addressed. Again, thicknesses of 0.076m (3") and 0.152m (6") are
assumed for the altered zone. Formation and altered zone parameters are given in
Table 4.1. Velocity dispersion, Q values, and excitation curves for the pseudo-Rayleigh
wave are given in Figures 4.43 - 4.45 and for the Stoncley wave in Figures 4.46 - 4.48.
The results for the case of no altered zone are also included (these correspond to the
open borehole results for the fast sandstone lithology presented earlier).
The pseudo-Rayleigh wave dispersion curves (Figure 4.43) show the effects of the
lower velocity altered zone layer. As the thickness increases, the cutoff frequency shifts
to lower frequencies which stretches the dispersion curves over a larger frequency range
and decreases the phase velocity in the intermediate frequencies (8-15kHz). The altered
zone is also assumed to have higher attenuation factors (lower Q values). Figure 4.44
shows the resulting Q values for the pseudo-Rayleigh wave. The Q value of this wave
decreases as the low Q altered zone thickness increases. Finally, the excitation curves
(Figure 4.45) show that the effect of increasing the altered zone thickness is similar
to the effect of decreasing the formation shear wave velocity. That is, the excitation
decreases due to the reduced rigidity of the borehole.
The Stoneley wave results support the partition coefficient findings, that is, the be-
havior is primarily affected by the properties of the solid layer adjacent to the borehole
wall. The dispersion curves (Figure 4.46) show very little change when the altered zone
thickness is varied. The velocities decrease compared to the case of no altered zone
due to the lower velocity of the altered zone. The Q values (Figure 4.47) give similar
results. The Stoneley wave Q value is insensitive to the altered zone thickness. The
excitation curves (Figure 4.48) show the same insensitivity.
The presence of an altered zone in the formation due to drilling damage or fluid
invasion affects the behavior of the guided waves because the properties of the bore-
hole wall are changed. The pseudo-Rayleigh wave effects depend on the altered zone
thickness due to the variation of the wave's depth of penetration with frequency. The
Stoneley wave effects are insensitive to the altered zone thickness, but are very sensitive
to the properties of the zone.
Cased Hole Geometry
Steel casing is often introduced into a borehole to prevent the hole from collapsing
and to seal off formations containing unwanted pore fluids. The steel casing is held in
place by cement which is injected into the annulus between the outer wall of the steel
pipe and the borehole wall. The goal is to completely fill the annulus with cement and
provide a perfect bond between the steel and cement as well as between the cement and
formation. Such a bond prevents any fluids from migrating up or down the borehole
behind the casing. If the casing-cement bond is imperfect, the casing may be free to
resonate or 'ring' in the presence of an acoustic source. Such a situation is referred to
as a 'free pipe', and this will be studied further in a later section. In this section, the
cement bond is assumed to be perfect. Tubman (1984) extensively studied the effects
of casing and cement on borehole wave propagation, focussing on the determination of
formation P and S wave velocities. The effect of one particular parameter, the cement
quality, on the guided wave behavior is the focus of this section. The steel casing
parameters are very well constrained and can be measured on the surface before being
placed in the borehole. The cement properties, however, may be quite variable within
any given well. The type of cement used, the preparation of the cement, and the curing
time could all affect the cement properties. In order to see the effects of such variations
on the guided waves, two cement parameter sets are used (see Table 4.1). The first
set is identical to the parameters used by Tubman (1984) to represent a 'good' quality
cement, while the second set has the shear velocity and density reduced by 10 percent
to represent a 'poor' quality cement.
Partition Coefficients
Before investigating the effects of cement property perturbations, the effects of the
cased hole geometry in general will be discussed. By inserting casing and cement into
an open borehole, the fluid column radius is reduced. As was seen in a previous section,
a reduction in the borehole radius results in a shift of the pseudo-Rayleigh excitation
to higher frequencies and an increase in the Stoneley wave excitation amplitude. The
addition of the very rigid steel layer also increases the efficiency of the waveguide and
results in a further increase in the amplitude of Stoneley wave. The pseudo-Rayleigh
excitation, however, decreases in this situation because the low rigidity cement layer
has a much larger effect on the pseudo-Rayleigh wave than it does on the Stoneley
wave.
The partition coefficient curves for the fast sandstone lithology with casing and
cement added (cement parameter set 1, Table 4.1) are shown in Figures 4.49 and 4.50.
Again, compressional energy in the solid layers is minimal and these curves have been
eliminated in these figures. The pseudo-Rayleigh behavior (Figure 4.49) shows effects
similar to those seen for the presence of an altered zone. The wave propagation is
still controlled by the formation shear wave parameters at frequencies near the cutoff
frequency and the fluid parameters at high frequencies. The intermediate frequencies
show increased sensitivity to the casing and cement layers as the pseudo-Rayleigh in-
vestigation depth is focussed on these layers. Comparison of this figure with the open
hole partition coefficients (Figure 4.3) shows the shift of the cutoff frequency due to
the reduced borehole radius (from about 8kHz to about 12kHz). Plots of the radial
displacement curves for the pseudo-Rayleigh wave at high and low frequency values
illustrates the variation in the depth of investigation with frequency (Figures 4.51 and
4.52).
The Stoneley wave partition coefficient curves (Figure 4.50) for the cased hole geoin-
etry also show behavior similar to the altered zone results. This wave is most sensitive
to the layers immediately adjacent to the borehole wall - the fluid and steel casing
layers in this situation. The cement layer, because of its compliance, also carries some
energy. The rigid steel casing results in a larger fraction of the Stoneley wave energy
(almost 90%) being carried by the fluid at low frequencies. Some energy is present in
the casing and cement layers at higher frequencies, although the excitation at these
frequencies is negligible.
If a slow formation is present behind the casing, the Stoneley wave behavior is more
complicated. Because the Stoneley wave propagation is controlled primarily by the fluid
and steel casing layers, the phase velocity will be greater than the formation shear wave
velocity in most instances. As a result, the wave will leak a small amount of energy
into the formation as it propagates up the borehole. Such behavior was first noted
by Schoenberg et al. (1981). Because of this energy leakage, the partition coefficient
expressions cannot be applied to this situation. Calculations of the velocity dispersion,
Q , and excitation curves, however, can be carried out and will be presented in this
section as well.
Cement Property Variations
Fast Formation
The pseudo-Rayleigh wave sensitivity to cement parameter variations is illustrated in
Figures 4.53 - 4.55. The dispersion curves (Figure 4.53) show that the cement layer
effects are seen in the intermediate frequency range. A decrease in the shear wave
velocity of the cement layer results in a slight increase in the dispersion of the pseudo-
Rayleigh wave and a resulting minor frequency shift in the Airy phase. This frequency
shift is also manifested in the Q value curves (Figure 4.54) and the excitation curves
(Figure 4.55)
Comparison of the results presented here with those obtained for the open hole
geometry and the same formation parameters (curve a of Figures 4.8 through 4.10)
illustrates the overall effect of adding casing and cement to the borehole geometry.
The shift in the cutoff frequency and the effect of the intermediate (casing and cement)
layers on the velocity dispersion is evident, as is the increase in the pseudo-Rayleigh
Q when casing is introduced. The Q increase is due to the decreased effect of the
low Q fluid used in these models. In terms of excitation, the presence of the very low
rigidity cement results in a decrease in the excitation amplitudes of this mode. The
peak amplitudes of the pseudo-Rayleigh wave occurs at frequencies corresponding to
the Airy phase, and, as seen in Figure 4.49, the cement layer is most important at these
frequencies.
The Stoneley wave dispersion, Q, and excitation for the cement variations are given
in Figures 4.56 - 4.58. The Stoneley wave dispersion is unaffected by the cement velocity
variations at low frequencies (0 - 4kHz), but at higher frequencies (5-10kHz) the phase
velocity is somewhat slower for the lower velocity cement model. The Q value is only
slightly sensitive to the cement variations over all frequencies (Figure 4.57). For both
cement parameter sets, the Stoneley wave Q is very close to the fluid Q value at all
frequencies, but increases slightly at higher frequencies due to a slight decrease in the
energy present in the fluid layer. The excitation (Figure 4.58) is also unaffected by the
cement parameters, the rigid casing is the controlling layer for this wave.
The open hole Stoneley wave results (curve a of Figures 4.11 - 4.13) presented
earlier can be compared with the results of this section. When casing and cement
are introduced, the Stoneley wave phase velocity increases at low frequencies due to
the fast velocity of the steel casing, but is somewhat less at higher frequencies whero
the more compliant cement layer becomes important. The Q values in the open hole
situation are very similar to the cased hole values, both of which are controlled by the
fluid Q value. Finally, the excitation increases by about a factor of 2 when casing is
introduced. This is due both to the smaller borehole radius and the high rigidity ,f
the steel casing layer.
Slow Formation
In a slow formation situation, even with casing and cement present, only the Stoneley
wave exists as a guided mode. The effects of cement property variations in this case is
minor, partly because the cement properties are close to the slow formation properties.
The dispersion, Q, and excitation curves are given in Figures 4.59 - 4.61. The dispersion
curves show little effect to the cement velocity changes. The leaky nature of the Stoneley
wave in this situation is seen by noting that the phase velocity is greater than the S wave
velocity of the formation for the range of frequencies shown. The Q value also shows
little sensitivity to cement property variations. Finally, the excitation curves, as in the
fast formation case, are unaffected by cement property perturbations. The excitation
in the slow formation is very similar to the fast formation case, further indicating that
the steel casing is the controlling layer, not the formation.
Free Pipe Situation
In this section the presence of a fluid annulus between the steel casing and cement
layers is studied. In particular, the effect of variations in the annulus thickness will be
addressed. Tubman (1984) studied this geometry by generating synthetic seismograms
for a suite of models. The effect of free pipe on the guided waves will be the focus of
this section.
The free pipe situation can be represented by a radially layered borehole model
which includes a fluid annulus between the casing and cement layers. The most notable
change in the resulting dispersion equation is the introduction of an additional Stoncley
wave root. The two Stoneley roots correspond to waves propagating along two different
waveguides. The central fluid column bounded by the casing is the primary waveguide.
while the fluid annulus, bounded by the solid cement or formation, is the second. The
primary Stoneley wave propagates in the central fluid and its properties are controlled
primarily by the fluid and casing properties. The secondary Stoneley wave propagates
in the annulus and its properties are controlled by the fluid annulus, cement, and
formation, and to a lesser extent by the pipe. In general, the secondary Stoneley wave
has very little energy compared to the primary wave. If the fluid annulus is very thin,
it will not support a propagating wave and only the central mode exists (Tubman,
1984). If the fluid annulus is thick (free pipe with no cement layer, for example) the
primary wave is almost unaffected by the formation properties, and the phase velocity
is controlled by the shear velocity of the casing and the fluid velocity. The secondary
wave has a lower phase velocity which is controlled basically by the formation shear
velocity, the fluid velocity, and the thickness of the fluid layer. In the presence of
a fast formation, both Stoneley modes propagate unattenuated in the axial direction
since both have phase velocities less than the fluid velocity. This is not true if a slow
formation is present. Since the central mode is primarily controlled by the casing
and fluid properties, its phase velocity will be higher than the formation shear wave
velocity. Such a situation results in the central Stoneley mode losing energy, much like
a leaky mode, as it propagates up the borehole. The annulus Stoneley wave in the slow
formation case is controlled by the formation properties and propagates at a phase
velocity less than the formation shear velocity. The existence of a fluid annulus region
has a much less dramatic effect on the pseudo-Rayleigh wave. Because the annulus
layer is a low velocity zone, the pseudo-Rayleigh wave phase velocity is reduced at
intermediate frequencies but remains basically unaffected at high and low frequencies.
In order to investigate the effect of a fluid annulus region on the pseudo-Rayleigh
and Stoneley waves, partition coefficients and dispersion curves have been calculated for
a fast formation with an annulus thickness of 0.013m (1/2"), 0.025m (1"), and 0.044111
(1 3/4"). In addition, excitation curves and synthetic microseismograms for the two
Stoneley modes have been calculated for the 0.013m (1/2") and 0.044m (1 3/4") annilIlls
thickness cases. The borehole geometry used in these models consists of 0.114m (4 1/2")
outside diameter steel casing centered in an 0.2m (8") diameter borehole. The fluid
annulus is placed between the casing and cement layers, and as the annulus thickness
increases, the cement thickness decreases. The parameters used in all the calculations
are given in Table 4.1.
Partition Coefficients
The partition coefficients of the pseudo-Rayleigh wave for the three values of annulus
thickness are given in Figures 4.62, 4.63, and 4.64. The results for the well bonded
casing (no fluid annulus) model are given in Figure 4.49 (only the shear energy curves
are plotted for the casing, cement, and formation layers; although the compressional
energy may reach a value of 10% for a given layer in some models, it is usually on the
order of 5% or less). In general, all four examples give similar results. At low frequencies
most of the wave's energy is carried as shear motion in the formation. As frequency
increases, the depth of penetration of the wave decreases resulting in the cement and
casing layers carrying a large fraction of the energy, and finally at high frequencies the
central fluid carries most of the energy and the phase and group velocities approach the
fluid velocity. As the annulus thickness increases, the casing energy decreases and the
central fluid energy increases; this is most noticeable at frequencies greater than about
18 kHz. It seems that the free casing is able to direct energy back into the borehole
fluid more efficiently than the well bonded casing, resulting in less total energy in the
casing and other layers at high frequencies. When the cement layer is eliminated and
the annulus layer assumes its maximum thickness (0.044m (1 3/4")) the amount of
energy carried in the annulus region itself becomes important. At high frequencies the
energy in the central fluid is reduced somewhat (compared to the 0.025m (1") annulus
example) and the annnlus energy is increased. This behavior seems to indicate that
the thick annulus region may trap energy in much the same way as the central fluid
does. Similar behavior may exist for the thinner annulus examples at much higher
frequencies.
The partition coefficients for the central or primary Stoneley mode for the well
bonded casing situation (no fluid annulus) are given in Figure 4.50, and the results
for the 0.013, 0.025, and 0.044 m (1/2, 1, and 1 3/4 inch) annulus models are given
in Figures 4.65, 4.66, and 4.67. At low frequencies most of the energy of this mode
is carried in the central fluid although the percentage of energy in the fluid decreases
as the annulus region becomes thicker. The increasing thickness of the fluid annulus
results in a more compliant zone behind the casing and more energy being coupled to
the casing and annulus layers. At high frequencies, the amount of energy in the fluid
drops and other layers become more important. In the well bonded example (Figure
4.50) the casing and cement layers carry an increasing amount of energy at higher
frequencies because the cement layer is very compliant, almost like a 'slow' formation.
When a fluid annulus is introduced, the zone behind the casing becomes even more
compliant resulting in better and better coupling of the wave to the annulus region as
the annulus thickness increases. The thick annulus model (Figure 4.67) is the most
extreme example of this behavior and the energy partitioning is almost identical to the
Stoneley wave energy partitioning for an open borehole in a 'slow' formation (Figure
4.5).
The partition coefficients for the secondary or annulus Stoneley mode for the three
annulus thickness values are given in Figures 4.68, 4.69, and 4.70. At low frequencies
most of the energy of this mode is carried in the annulus layer with the remainder
primarily in the formation and cement layers. As the annulus thickness increases, the
amount of energy carried by the annulus increases while the energy in the cement layer
decreases and the formation energy remains fairly constant. At high frequencies. we
see an effect similar to the central mode results. The casing and central fluid layers
are quite compliant and more and more energy is carried in this zone as the annuliis
region increases in thickness.
In general, the central Stoneley mode is controlled by the central fluid layer and the
casing although at high frequencies the compliant annulus region behaves like a 'slow'
formation and carries a large fraction of the wave's energy. The annulus mode energy
is primarily carried by the annulus layer and the formation and cement layers with the
central fluid and casing becoming more important at higher frequencies as the annulus
thickness increases.
Annulus Thickness Variations
The pseudo-Rayleigh wave dispersion curves for the three different annulus thicknesses
are given in Figure 4.71. As the annulus thickness increases, the wave becomes more
dispersive for intermediate frequencies (15-20 kHz). As a result,the minimum of the
group velocity curve, which controls the Airy phase of the pseudo-Rayleigh wave, shifts
to lower frequencies. The cutoff frequency for the pseudo-Rayleigh wave (fundamental
mode) shifts to a higher frequency as the annulus thickness increases. The increase
in dispersion is due to the increasing thickness of the low velocity fluid annulus zone.
At intermediate frequencies the pseudo-Rayleigh wave penetration depth is such that
this low velocity region is having the greatest influence on the phase velocity. Near
the cutoff frequency, however, the wave is propagating at a velocity approaching the
shear velocity of the formation regardless of the annulus thickness. Similarly, the phase
velocity approaches the fluid velocity at high frequencies for all annulus thicknesses.
The pseudo-Rayleigh wave Q and excitation curves are given in Figures 4.72 and
4.73. The Q values for the maximum annulus thickness case are similar to the open hole
results given earlier. As seen in the partition coefficients, most of the wave's energy
is in the formation at low frequencies and in the fluid layers, both the central and
annulus, at higher frequencies. At intermediate frequencies the energy in the casing is
a maximum, but this has little effect on the Q values. The Q values for the 0.013m
(1/2") and 0.025m (1") annulus thicknesses are complicated by the cement and annulus
layer effects. At low frequencies these low Q layers play a role in the energy distribution
of the pseudo-Rayleigh wave (see the partition coefficient curves). These layers result in
a 'kink' in the Q curve at frequencies near cutoff. As the annulus thickness increases, the
cement layer becomes thinner and the kink becomes less evident. The excitation curves
(Figure 4.73) are similar to those obtained for the well bonded cased hole geometry
(Figure 4.55). The annulus layer, like the cement, is very compressible which results in
a decrease in the wave's amplitude when either layer is present. The curves in Figure
4.73 also show that as the thickness of a fluid annulus layer increases, the peak of the
excitation curve shifts to slightly lower frequencies, but the amplitudes change very
little.
Stoneley wave phase velocity dispersion curves for the fast formation case with a
fluid annulus thickness of 0.013m (1/2") and 0.044m (1 3/4") are given in Figures 4.74
and 4.75. The central Stoneley mode dispersion is basically unaffected by the change in
annulus thickness, while the annulus mode phase velocity is significantly higher for the
thick annulus model. The central mode is almost entirely decoupled from the formation
when a fluid annulus is introduced, resulting in propagation that is controlled by the
central fluid and the casing. This point is supported by the phase velocity curves
for a slow formation with a 0.044m (1 3/4 inch) thick annulus (Figure 4.76). The
central mode phase velocity is almost identical for the fast and slow formation cases.
The annulus mode phase velocity is basically controlled by the fluid annulus layer and
the cement and formation velocities. In Figure 4.74, the fluid annulus is 0.013m (1/2
inch) thick and the cement is 0.032m (1 1/4 inches) thick, while in Figure 4.75 the
fluid annulus is 0.044m (1 3/4 inches) thick and no cement is present. Since the cement
layer is much slower than the formation in this example, it is not too surprising that the
phase velocity of the annulus Stoueley mode is much slower when cement is present. A
comparison of the phase velocity for the fast formation (Figure 4.75) and slow formation
(Figure 4.76) models with a thick annulus illustrates that the formation properties are
affecting the annulus Stoneley mode.
The spatial quality factor (Q) for each Stoneley mode for the fast formation example
and a thin (0.013m (1/2 inch)) and thick (0.044m (1 3/4 inches)) fluid annulus is
given in Figures 4.77 and 4.78. Increasing attenuation corresponds to a decreasing Q
value. These curves can be most easily interpreted in conjunction with the partition
coefficient results of the previous section. The central Stoneley mode Q is almost
the same in both figures, indicating once again that the central fluid and casing are
controlling the propagation and attenuation of this mode. The annulus mode Q value
for the thin annulus example (Figure 4.77) is higher (less attenuation) than the thick
annulus example, although both display increasing Q with frequency. A look back at
the partition coefficient results for these geometries (Figures 4.68 and 4.70) indicates
that for the thin annulus case, the energy of the annulus Stoneley mode is carried
in the fluid and the cement and formation layers. When the annulus becomes thicker,
however, the annulus fluid carries more of the mode's energy while the formation energy
remains about the same and the cement layer is eliminated. The low Q fluid annulus
layer is therefore responsible for the lower Q value of the annulus mode in Figure 4.78.
The increasing Q with frequency for the annulus mode in Figures 4.77 and 4.78 is due
to more energy being carried in the high Q steel casing and less in the low Q fluid at
higher frequencies.
The excitation curves for the thin annulus layer model are given in Figure 4.79.
and the corresponding synthetics are shown in Figure 4.80. The results for the thick
annulus region are given in Figures 4.81 and 4.82. When a thin fluid annulus layer
is present the amplitude of the annulus Stoneley mode is very small, more than an
order of magnitude less than the central Stoneley mode (Figure 4.79). The synthetic
microseismograms in Figure 4.80 illustrate this point as well (the synthetics in Figures
4.80 and 4.82 were generated with a 3 kHz Ricker wavelet). When the fluid annulus
increases in thickness, the annulus Stoneley mode amplitude also increases (Figure
4.81). The annulus thickness was increased by a factor of 3.5 between Figures 4.79 and
4.81, and the annulus mode amplitude increased by a factor 5 to 10.
Conclusions
In this chapter the pseudo-Rayleigh and Stoneley wave sensitivity to formation and
borehole parameter variations, altered zone thickness, cement quality in cased bore-
holes, and free pipe annulus thickness were investigated. Phase and group velocity
dispersion, quality factor, and modal excitation curves were generated by tracking the
complex wavenumber poles for each guided wave. Energy partition coefficients were
calculated to provide a measure of the sensitivity of the phase velocity and attenua-
tion (Q-') to perturbations in the body wave velocity and attenuation factors of each
layer in a given model. Partition coefficients also provide a means of understanding
the guided mode propagation characteristics in radially layered borehole models. The
results of the sensitivity analysis indicate that both guided waves are affected by the
borehole fluid properties and the borehole radius. Fortunately, the values of these two
parameters are usually well constrained. Next in importance are the formation shear
wave velocity and quality factor (Q.). Formation shear velocity increases result in a
more rigid borehole wall which shifts the pseudo-Rayleigh wave excitation to higher fre-
quencies and increases the Stoneley and pseudo-Rayleigh wave excitation amplitudes.
The presence of an altered zone whose velocities are less than the formation values, has
a small effect on the pseudo-Rayleigh wave, which manifests itself in a shift to a lower
cutoff frequency, a lower Q value, and a decrease in the excitation amplitudes. The
Stoneley wave behavior, since it is controlled by the layers immediately adjacent to the
borehole wall, can be affected to a greater degree by an altered zone. Neither mode is
very sensitive to variations in the altered zone thickness for the chosen parameters.
The effect of casing on the guided waves was found to be quite similar to the effects
of borehole radius and formation rigidity changes. The addition of casing and cement,
which reduces the borehole radius, results in a shift of the pseudo-Rayleigh excitation to
higher frequencies. The rigidity of the steel casing results in a very efficient waveguide
and an increase in Stoneley wave excitation amplitudes. The pseudo-Rayleigh wave
excitation, however, is reduced due to the low rigidity cement layer. The guided waves
show little sensitivity to variations in the cement properties.
The presence of a fluid annulus between the casing and cement layers affects the
propagation, attenuation, and energy partitioning of both guided waves. The exis-
tence of a such an annulus results in a second Stoneley mode being generated which
propagates primarily in the annulus. The primary or central Stoneley mode becomes
essentially decoupled from the formation and is no longer sensitive to the formation
properties. This decoupling takes place for a fluid annulus of any thickness. The sec-
ondary or annulus Stoneley mode is sensitive to the formation and cement properties,
and its amplitude is directly related to the annulus thickness, although the amplitude
is very small in all situations. The pseudo-Rayleigh wave is more dipersive when a fluid
annulus is present, although the effects are fairly small.
LAYER VP V, p Qp QS
(m/sec) (m/sec) (g/cm )
fluid(water) 1509 0 1.0 20 0
100
fluid(dense) 1676 0 1.2 20 0
slow sandstone 2751 1201 2.1 50 50
1082
1322
fast sandstone 4878 2601 2.16 60 60
2080
3122
limestone 5081 2771 2.16 60 60
granite 5851 3750 2.16 60 60
casing 6098 3354 7.5 1000 1000
cement 1 2823 1729 1.92 40 30
cement 2 2823 1555 1.73 40 30
altered zone 4390 2341 2.36 40 40
fluid annulus 1676 0 1.2 20 0
Table 4.1
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Figure 4. 1: Comparison of the synthetic Full Waveform Acoustic Log for an open bore-
hole with a fast formation generated by (a) discrete wavenumber summation to
(b) individual Stoneley and pseudo-Rayleigh (fundamental mode) arrivals froi,,
residue theory. Source is a O1kHz Ricker wavelet.
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Figure 4. 2: Schematic diagram of the trjeect,:ri ' , of the psoudo-Rayleigh and Stowneb
wave poles in the complex wavenumber plane. Cross hatched zones indicate the
initial search area used to locate each pole.
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Figure 4. 3: Partition coefficients for the pseudo-Rayleigh wave in an open borehole w ith
the fast sandstone lithology. SIm refers to shear strain energy in the formati,,u.
Pim refers to compressional strain energy in the formation, and fluid refers tr,
compressional strain energy in the borehole fluid.
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Figure 4. 4: Partition coefficients for the Stoneley wave in an open borehole with the fast
sandstone lithology. Sf, refers to shear strain energy in the formation, P,,, refers
to compressional strain energy in the formation, and fluid refers to compressional
strain energy in the borehole fluid.
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Figure 4. 5: Partition coefficients for the Stoneley wave in an open borehole with the
slow sandstone lithology. S,m refers to shear strain energy in the formation.
Pim refers to compressional strain energy in the formation, and fluid refers to
compressional strain energy in the borehole fluid.
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Figure 4. 6: Density derivative for the pseudo-Rayleigh wave in an open borehole with
the fast sandstone lithology. fm refers to the derivative with respect to formatiou
density, and fluid refers to the derivative with respect to the borehole fluid
density.
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Figure 4. 7: Density derivative for the Stoneley wave in an open borehole with the fast
sandstone lithology. fmr refers to the dlerivative with respect to formation density.
and fluid refers to the derivative with respect to the borehole fluid density.
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Figure 4. 8: Pseudo-Rayleigh wave phse and grroup velocity dispersion for three litrh,no-
gies in an open borehole: fast sandstone ( ,lid line), limostone (long dash). anl
granite (short dash).
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Figure 4. 9: Pseudo-Rayleigh wave quality factor for three lithologies in an open hor,'-
hole: fast sandstone (solid line). limestone (long dash), and granite (short da,h).
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Figure 4. 10: Pseudo-Rayleigh wwve ex.it'tin amnplitulie for three litho!ogie in ~n ,ponI
borehole: fast san,stone (solid line), limestone (long dash), and granite ( -lih.rt
dash).
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Figure 4. I1: Stoneley wave phase and group vlocity dispersion for four 'itho!, ,.-
an open borehole: fast sandstone (solid line), limestone (long dash), granite (,hi rt
dash), and slow sandstone(long and short dash).
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Figure 4. 12: Stone!ey wave qcj!iiry factor for four litholoies in an open horeholo: f' t
sandstone (solid line), lim~stue (lung dash), granite (sh,,rt dash), and slow ia,,,l-
stone(long and short dlash).
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Figure 4. l1,: '-owlepy wave exci ation amplitude for f.-mr lthiologies in an cpen h,r,-
hole: fast sandstone (s,!il line), limestone (long dash), granite (Qhort (dash). ,n(I
slow sandstone(long and short dash).
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Figure 4. 14: Psemdo-Rayleigh wave phase and group vPlocity dispersion curve f,~r tL
fast sandstone lithology (solid line) with shear wave velocity perturbation" ,f
+20% (short dash) and -20% (long dash).
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Figure 4. 15: Psendo-Rayleigh wave (plalit factor for the fast ,sndstone lithology (suli
line) with shear wave velocity perturbation of +20% (short dash) and -20 (l ,
dash).
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Figure 4. 16: Pseuido-Rayloigh wave Pxcitation amplitude f:,r the fast sandsttne !irthol-
ogy (solid line) with shear wave velocity perturhations of +20% (short dash) andi
-20% (long dash).
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Figure 4. 17: Stoneley wave pha;e ai group velocity di-perion cnurves for the f:,,r
sandstone litholog- (solid line) with shear wave velocity perturbations of -j-2 )"
(short dash) and -20' (long dash).
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Figure 4. 18: Stoneley w-,e quality factor for the fast sandstone lithology (Qolid li::f)
with shear wave velocity perturbations of +-20% (short (lash) and -20% (long
dash).
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Figure 4. 19: Stoneley wave excitation amplitudo for the fast sandston. lithology (.,li 1
line) with shear wave velocity perturbations of +20% (short dash) and -201 ( i,
dash).
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Figure 4. 20: Stoneley w:ave phase and group vd!ocity di(persion curves for t~o
sandstone litholog7y (solid line) with shear wave velocity perturbations of -I'
(short dash) and -10% (long dash).
117
0O
I.-0
I-
a.
20.02O~O
4I 0 6016888
1 j
8000
FREQUENCY (Hz)
Figure 4. 21: Stoneley wave qiiality factor for the -low -.andstone lithology (solid line)
with shear wave velocity perturbations of +10" (short dash) and -10f (ln"
dash).
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Figure 4. 22: Stonelpy wavw excitation amplitud" for the slow sandston.' litholo)g (,,
line) with shear wave velocity perturbations of +10%, (short dash) and -10¢ ( 1 0" l
dash).
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Figure 4. 23: Pseudo-Rayleigh wave phase and group velocity dispersion curves f-r th!
fast sandstone iitholog- with wntor (solid line) and a (lense drilling fluiid (!,i,
dash) as the borehole fluid. (note- each set of curves is normalized to it, ,:
fluid velocity)
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Figure 4. 24: Pseudo-P ayleigh wave iquality factor for th ,- f at sandstone lithology with
water (Q = 100) (solid line), water (Q = 20) (long dash), and a dense drilling
fluid (Q = 20) (short dash) as the borehole fluid.
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Figure 4. 25: Pse~li-RPaylcigh wave excitatio,l _iilit.id flI the fast sail.t ,le h ,-
ogy with water (solid line) and a dense drillii; fqlid (long dash) as the borecih<!(
fluid.
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Figure 4. 26: Stoneley wave phase and group velocity dispersion curves for the fact
sandstone lithology with wator (~oli linw) :nd a dPn e drilling fluid (luog dash)
as the borehole fluid. (n ,t,-: hth sets of curves are normalized to the flfid
velocity of water)
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Figure 4. 27: Stoneley wave phase and group velocity dispersion curves for the fa t
sin(ttrne litholo y
- 
with water ( alid line) nud a de1'--- dri!!ing i;d (lng d ',
as th borehole fluid. (note: each set of curves is Tnormalizd t,, its own fPilii
velocity)
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Figure 4. ?,: tonleIy wav. ,Iali*y factor for thp fast san(lstone lithclo'y: - ith w:-. r
(Q = 100) (-,lid line) , watei (Q = 20) (long dash). and a (lPnc ;drilling fnid (
= 20) (short dash) as the borehole fluid.
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Figure 4. 29: Stoneley wave excitation amplitude for the fast sandstone lithology wirll
water (solid line) and a dense drilling fluid (long dash) as the borehole fluid.
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Figure 4. 30: Stoneley wave synthetic arrivals for the fast sandstone lithology with (,i)
water (Q = 100), (b) water (Q = 20), and (c) (ense drilling fluid (Q = 20) ;1- "!,
borehole fluid. All synthetics are normalized to the maximum amplitude Of trh,
uppermost arrival. The source is a 7.5kHz Ricker wavelet.
127
I .5--t-
O0
O-
w
O
N
,j
O
z
5000 1000e 150e 20000 25000 30000
FREQUENCY (Hz)
Figure 4. 31: Pseudo-ayleigh wave phase ,nd group velocity dispersion curves fcr rh,
fast sandstone lithology with variations in the borehole radius: 0.14m (5 5")
(short dash), O.lm (4.0") (long dash). and 0.064m (2.5") (solid curve).
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Figure 4. 32: Psendo-Rayleigh wave quality factor for the fast sandstone litholo-y ,, ih
variations in the borehole radius: 0.14m (5.5") (short dash), O.lm (4.0") (1 ,n "
dash), and 0.064m (2.5") (solid curve).
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Figure 4. 3.3: Pseudo-Rayleigh 'av oxcitntion amplitullde for the fast sandstone 'i l-
ogy with variations in the borehol radius: 0.14m (5.5") (short dash), 0.In (4.")
(long dash). and 0.064m (2.5") (solid curve).
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Figure 4. 34: Pseudo-Rayleigh wave synthetic arrivals for the fast sandstone lithol, )
with va.iati , i the borehole radius: (a) 0,14m (5.5"), (b) 0.1m (4.0), .lo
(c) 0.064m (2.5"). All waveforms are nor.:alized to the uppermost arrival. Th,
source is a 7.5kHz Ricker wavelet.
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Fi(pre 4. 35: St(-Implev wave -ind wroup velovit- tli ,rf-r-,ion curves for th, f-,r
s;iildstone lithology with variations in the borehole rndiiis: 0-14m (5.51I I "-h rt
dash), O.Im (4.0") (Ionm dash), and 0.064m (2.5"r% I ) (solid curve
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Figure 4. 36: Stondloy wave quality factor for the fast sandstone litholong with vri:!-
tions in thp boreh,le radius: 0.14m (5.5") (short dash), 0.!m (4.0") (long dash).
and 0.064m (2.5") (solid curve).
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Figure 4. 37: Stoneley wave excitation amplitude for the fast sand-tone lithology with
variations in the borehole radius: 0.14m (5.5") (short dash), 0.m (4.0") (l,1o
dash), and 0.0641n (2.5") (solid curve).
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Figure 4. 38: Partition coefficients for the pseudo-Rayleigh wave in the fast sandstone
lithology with a 0.076m (3") altered (invaded) zone. Sfm refers to shear energ-y
in the formation, S;,,, refers to shear energy in the altered (invaded) zone, and
fluid refers to compressional energy in the fluid.
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Figure 4. 39: Partition coefficients for the Stoneley wave in the fast sandstone lithology
with a 0.076m (3") altered (invaded) zone. S,, refers to shear energy in th-
formation, S;,, refers to shear energy in the altered (invaded) zone, and fllid
refers to compressional energy in the fluid.
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Figure 4. 40: Partition coefficients for the pseudo-Rayleigh wave in the fast sandstone
lithology with a 0.152m (6") altered (invaded) zone. Sim refers to shear energy
in the formation, S;,, refers to shear energy in the altered (invaded) zone, and
fluid refers to compressional energy in the fluid.
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Figure 4. 41: Partition coefficients for the Stoneley wave in the fast sandstone lithology
with a 0.152m (6") altered (invaded) zone. Srn refers to shear energy in th
formation, S;,, refers to shear energy in the altered (invaded) zone, and fluid
refers to compressional energy in the fluid.
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Figure 4. 42: Partition coefficients for the Stoneley wave in the fast sandstone lithology
with a 0.152m (6") altered (invaded) zone, where the altered zone velocities are
reduced to 70% of the formation values (highly altered). Sfm refers to shear
energy in the formation, S;,, refers to shear energy in the altered (invaded) zone,
and fluid refers to compressional energy in the fluid.
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Figure 4. 43: Pseudo-Rayleigh wave phase and group velocity dispersion curves for the
fast sandstone lithology with a 0.076m (3") altered zone (solid line) and a (.152ni
(6") altered zone (long dash). Dispersion curves for no altered zone are given by
the short dash.
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Figure 4. 44: Pseudo-Rayleigh wave quality factor for the fast sandstone lithology wit!h
a 0.076m (3") altered zone (solid line) and a 0.152m (6") altered zone (long da"s1)
Quality factor for no altered zone is given by the short dash.
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Figiure 4. 45: Pseudo-Rayleigh wave excitation amplitude for the fast sandstone lith l-
ogy with a 0.076m (3") altered zone (solid line) and a 0.152m (6") altered zovne
(long dash). Excitation amplitude for no altered zone is given by the short dash.
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Figure 4. 46: Stoneley wave phase and group velocity dispersion curves for the fast
sandstone iithology with a .0T70mGn (3" ) aitcred Lon) (solid line) and a 0.1521
(6") altered zone (long dash). Dispersion curves for no altered zone are given by
the short dash.
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Figure 4. 47: Stoneley wave quality factor for the fast sandston 1_hIology with a O.7CIm
(3") altered zone (solid line) and a 0.152m (6") altered zone (long dash). Quality
factor for no altered zone is given by the short dash.
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Figure 4. 48: Stoneley wave excitation amplitude for the fast sandstone lithology ith
O.07nm (3") altered zone (solid line) and a 0.152m (6") altered zone (long dah)
Excitation amplitude for no altered zone is given by the short dash.
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Figure 4. 49: Partition coefficients for the pseudo-Rayleigh wave in the fast sandstoue
lithology with casing and cement added. Sim refers to shear strain energy in the
formation, S,,a,, refers to shear striin energyo in the cement layer, Sc., refers t.I
shear strain energy in the casing layer, a:Td fluid refers to compressional ftrtin
energy in the fluid layer.
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Figure 4. 50: Partition coefficients for the Stoneley wave in the fast sandstone litholug)
with casing and cement added. Sim refers to shear strain energy in the formai a.
So.,, ro'fers to slihar strain nergy in the cement layer, S,,, refers to shear ,*r iv
energy in tho casing layer, and fluid refers to compressional strain energy in rhe,
fluid layer.
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Figure 4. 51: Radial displacement a function of radial distance (normalized t, :1
borchole radius) fur a low frequency component (12.6kHz) of the pseudo-Rayleigh
wave in a cased borehole.
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Figure 4. 52: Radial dlisplac:l-ment a,, a fjunction of radial distance (normalized t., ti
borehole radius) for a high frequency component (40kHz) of the pseudo-Rayleigh
wave in a cased b:)rehole.
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Figure 4. 53: Pseudo-Rayleigh wave phase and group velocity dispersion curves for the
fast sandstone lithology in a cased borehole with variations in the cement pa-
ramefers. The solid lines reprec.ent the rement I param ter- (higher velocity n ri
density, see Table 4.1) and the long ,lash curvel represent the cement 2 parameter-
(lower velocity and density).
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Figure 4. 54: Pseudo-Rayleigh wave quality factor for the fast sandstone lithology in a
cased borehole with variations in the cement parameters. The solid lines represent
the cement I parameters (higher velocity and density, see Table 4.1) and the long
dash curves represent the cement 2 parameters (lower velocity and density).
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Figure 4. 55: Pseudo-Raylcigh wave excitation amplitude for the fast sandstone lithol-
ogy in a cased borehole with variations in the cement parameters. The solid lines
represent the cement 1 parametrs (higher velocity and density. Fee Table 4 1)
and the long dash curves represent the cement 2 parameters (lower velocity and
density).
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Figure 4. 56: Stoneley wave phase and group velocity dispersion curves for the fa:t
sandstone litholog-y in a cased borehole with variations in the cement parameters.
The solid lines represent the cement 1 parameters (higher velocity and den-iry
see Table 4.1) and the long d(lash curvs represent the cement 2 parameters (lower
velocity and density).
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Figure 4. 57: Stoneley wave quality factor for the fast sandstone lithology in a cased
borehole with variations in th, cement paramet rs. The solid lines represent th,
cement I parameters (higher velocity and (lensity. see Table 4.1) and the lon
dash curves represent the cement 2 parameters (lower velocity and density).
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Figure 4. 58: Stoneley wave excitation amplitude for the fast sandstone lithology in :1
cased borehole with variations in the cement parameters. The solid lines repreqent
the cement I parameters (higher velocity and density, see Table 4.1) and the long
dash curves represent the cement 2 parameters (lower velocity and density).
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Figure 4. 59: Stoneley wave phase and group velocity dispersion curves for the slow
sandstone lithology in a cased borehole with variations in the cement paramneters.
The solid lines represent the cement 1 parameters (higher velocity and density
see Table 4.1) and the long dash curves represent the cement 2 parameters (lower
velocity and density).
156
0 4-
I,.
4 
2--
0 2000 4000 6000 8000 10000
FREQUENCY (Hz)
Figure 4. 60: Stoneley wave quality factor for the slow sandstone lithology in a cased
borehole with variations in the cement parameters. TIbe solid lines represent th,
cement 1 parameters (higher velocity and density, see Table 4.1) and the long
dash curves represent the cement 2 parameters (lower velocity and density).
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Figure 4. 61: Stoneley wave excitation amplitude for the slow sandstone lithology in a
cased borehole with variaticn in th, cr-ment parameters. The solid lines reprq lIt
the cement I parameters (higher velocity and density, see Table 4.1) and the lng
dash curves represent the cement 2 parameters (lower velocity and density).
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Figure 4. 62: Partition coefficients for the pseudo-Rayleigh wave in a cased borehole
with the fast sandstone lithology and a 0.013m (1/2") fluid annulus thickness. S/,
refers to shear strain energy in the formation, Sm,t refers to shear strain energy
in the cement layer, S, refers to shear strain energy in the casing, fluid ref,'r4
to compresional strain energy in the fluid, and annuluts refers to compressiolal
strain enerogy in the annulus.
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Figure 4. 63: Partition coefficients for the pseudo-Rayleigh wave in a cased borehole
with the fast sandstone lithology and a 0.025m (1") fluid annulus thickness. S/,,
refers to shear strain energy in the formation, S,,m refers to shear strain ener.gy
in the cement layer, Sc, refers to shear strain energy in the casing, fluiid r'fr-
to compressional strain energy in the fluid, and annulus refers to compressioni:l
strain energy in the annulus.
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Figure 4. 64: Partition coefficients for the pseudo-Rayleigh wave in a cased borehole
with the fast sandstone lithology and a 0.044m (1 3/4") fluid annulus thickness.
Sir refers to shear strain energy in the formation, Sm refers to shear strain
energy in the cement layer, S.,g refers to shear strain energy in the casing, f,,
refers to compressional strain energy in the fluid, and annulus refers to comtpr,,-
sional strain energy in the annulus.
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Figure 4. 65: Partition coefficients for the central Stoneley wave in a cased borehole with
the fast sandstone lithology and a 0.013m (1/2") fluid annulus thickness. Sjm
refers to shear strain energy in the formation, S,, refers to shear strain energy
in the cement layer, 
€:,€ refers to shear strain energy in the ':asing , f!li 'fo'-
to ,ompressional strain energy in the finid, and anrun,ls refers to compresion:a
strain energy in the annulus.
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Figure 4. 66: Partition coefficients for the central Stoneley wave in a cased borehole
with the fast sandstone lithology and a 0.025m (1") fluid annulus thickness. Sj,,,
refers to shear strain energy in the formation, S,, refers to shear strain enr'gy
in the cement layer, S,,, refers to shear strain euergy in the casing, fl,,iid ref',r,
to compressional strain energy in the fluid, and annuldus refers to compressional
strain energy in the annulus.
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Figure 4. 67: Partition coefficients for the central Stoneley wave in a cased borehole with
the fast sandstone lithology and a 0.044m (1 3/4") fluid annulus thickness. Sf,,
refers to shear strain energy in the formation, Set refers to shear strain energy
in the cement layer, S, refers to Thear str!in energy in the casing, fluid refers
to compressi,,nal strain energy in the fluid, and annilus refers to compresioinl,
strain energy in the annulus.
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Figure 4. 68: Partition coefficients for the annulus Stoneley wave in a cased borehoie
with the fast sandstone lithology and a 0.013m (1/2"' ) fluid annulus thickness. S/,
refers to shear strain energy in the formation, St refers to shear strain ene-rgy
in the cement layer, S., r:ifers to !shiar strain , nrgy ii the easing, flid refers
to compressional strain ernrgy in the fluid, and annul...; refers to compresioUnl
strain energy in the annulus.
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Figure 4. 69: Partition coefficients for the annulus Stoneley wave in a cased borehole
with the fast sandstone lithology and a 0.025m (1") fluid annulus thickness. Srn.
refers to shear strain energy in the formation, Sm refers to shear strain energy
in the c-ment layer, S,,, refors to hea" -tri!1 enrgy,, in the casing, flui,! rpf,,r,
to compresional strain energy in the filid, and arninlus refers to compressional
strain energy in the annulus.
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Figure 4. 70: Partition coefficients for the annulus Stoneley wave in a cased borehole
with the fast sandstone lithology and a 0.044m (1 3/4") fluid annulus thickness.
Sir refers to shear strain energy in the formation, S.mt refers to shear strain
energy in the cement layer, S,,, refers to shear strain energy in the casing, flu;1
refers to compressional strain energy in the fluid, and annulus refers to coniprfes-
sional strain energy in the annulus.
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Figure 4. 71: Pseudo-Rayleigh wave phase and group velocity dispersion curves in (a
cased borehole with the fast sandstone lithology and a 0.013m (1/2") annhII,
thickness (short dash), a 0.025m (1") annulus thickness (long dash), and a 0.044m
(1 3/4") annulus thickness (solid line).
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Figure 4. 72: Pseudo-Rayleigh wave quality factor in a cased borehole with the fast
sandstone lithology and a 0.013m (1/2") annulus thickness (short dash), a 0 025 rI
(1") annulus thickuness (long dash), and a 0.044m (1 3/4") annulus thickness (solil
line).
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Figure 4. 73: Pseudo-Rayleigh wave excitation amplitude in a cased borehole with the
fast sandstone lithology and a .013m (1/2") annulus thickness (short dah)
a 0.025m (1") annulus thickness (long dash), and a 0.044m (1 3/4") ann)Il,
thickness (solid line).
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Figure 4. 74: Stoueley wave (ceutral and annulu.) phase velocity dispersion curvels f,)r
the fast sandstone lithology in a cased borehole with a 0.013m (1/2") annuluii
thickness.
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Figure 4. 75: Stoneley wave (central and annulus) phase velocity dispersion curves for
the fast sandstone lithology in a cased borehole with a 0.044m (1 3/4") annulus
thickness.
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Figure 4. 77: Stoneley wave (central and annulus) quality factor for the fast sand(tonp,
lithology in a cased borehole with a 0.013m (1/2") annulus thickness.
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Figure 4. 78: Stoneley wave (central and annulus) quality factor for the fast sand;t,,nle
lithology in a cased borehole with a 0.044m (1 3/4") annulus thickness.
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Figure 4. 79: Stoneley wave (central and annulus) excitation amplitude for the fast sand-
stone lithology in a cased borehole with a 0.013m (1/2") annulus thickness.
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Figure 4. SO: Stoneley wave ((a) central and (b) annulus) synthetic arrivals for the f;at
sandstone lithology in a cased borchole with a 0.013mn (1/2") annulus thicknces.
The source is a 3kHz Ricker wavelet.
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Figure 4. 81: Stoneley wave (central and annulus) excitation amplitude for the fast sand-
stone lithology in a cased borehole with a 0.044m (1 3/4") annulus thickness.
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Figure 4. 82: Stoneley wave ((a) central and (b) annulus) synthetic arrivals for the fast
sandstone lithology in a eased horehole with a 0.044m (1 3/4") annulus thickness.
The source is a 3kHz Ricker wavelet.
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Chapter 5
Attenuation Estimation From
Guided Waves
Introduction
In most fast formation situations, the shear head wave is lost in the high amplitude
pseudo-Rayleigh arrival, while in slow formations, no shear head wave (or pseudo-
Rayleigh wave ) is generated. As a result, the guided waves must be used to obtain
formation Q, estimates. The use of the guided waves is actually preferred since no
corrections for geometrical spreading losses are required.
A knowledge of the in-situ P and S wave attenuation factors can provide qualitative
information on the formation lithology, degree of consolidation, rock quality or fracture
index, and possibly, the pore fluid saturation conditions (Johnston, 1978; Winkler and
Nur, 1979; Toksdz et al., 1979; Johnston et al., 1979). The guided wave attenuation
(both Stoneley and pseudo-Rayleigh) is controlled by the fluid Q value and the shear
wave Q values of all solid layers in the borehole geometry. As such, estimates of the
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formation P wave Q value must be obtained by other means. The formation Q, is
generally estimated by spectral ratio methods applied to the earliest part of the P
wave arrival ( with appropriate spreading corrections applied) (Cheng et al., 1982).
Cheng et al. (1986a) have used the entire P - PL packet to obtain Qp estimates from
full waveform acoustic logs. In addition to the body wave Q effects, the Stoneley
and pseudo-Rayleigh wave attenuation may also be affected by fluid flow in permeable
formations (Rosenbaum, 1974; Williams et al., 1984; Schmitt, 1985; Cheng et al.,
1986b). Such losses will be investigated in chapter 6, but will be ignored in this chapter.
As will be demonstrated later, ignoring permeability related losses can result in errors
being introduced in the calculated formation and fluid Q estimates. By assuming
that these fluid flow losses are small, and that the body wave Q values are frequency
independent, the partition coefficient expressions introduced in chapter 4 can be used to
estimate the Q values of interest. In the remainder of this chapter an inverse problem,
utilizing partition coefficients as the model, is formulated to obtain formation Q. and
the fluid Q from the measured attenuation (spectral ratios) of the Stoneley and pseudo-
Rayleigh waves in open or cased boreholes.
Problem Formulation
The attenuation of a guided wave is composed of a linear combination of the body wave
attenuation values of the layers present in the borehole geometry, assuming all losses
are due to layer anelasticity (see chapter 4). It is further assumed that all body wave Q
values are frequency independent. By obtaining measurements of Stoneley and pseudo-
Rayleigh wave attenuation over as broad a frequency range as possible, estimates of
the body wave attenuation values can be obtained. As was shown in chapter 4. the
guided waves are not sensitive to all Q values in a given layered model. In an open
hole configuration, the guided wave attenuations are insensitive to the P wave Q of the
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formation, while in cased hole geometries, they are insensitive to the cement, casing,
and formation Q, values. Such insensitivity helps to simplify the inverse problem by
reducing the number of parameters being solved for.
Previous Work
Willis (1983) outlined a method of estimating the formation shear wave attenuation
(Q8') in open boreholes by using calculated partition coefficient expressions and mea-
sured spectral ratios of a given guided wave. Previous applications of the method,
however, had two major problems. First, in order to separate the guided wave arrivals
from the total trace, tapered variable length windows were used on the time domain
record. Because of the relatively short receiver separations used in most full wave-
form acoustic logging tools (1 to 3 m), the arrivals are often interfering and difficult to
separate. If, for example, the pseudo-Rayleigh wave has a well developed Airy phase.
it will, in most cases, arrive after the Stoneley arrival. The pseudo-Rayleigh wave,
then, arrives both before and after the Stoneley wave, resulting in the need for two
windows to separate the wave from the remainder of the trace. The dispersive nature
of the guided waves also requires that the time domain window lengths change between
the near and far reciever traces. These complications make the application of such
windowing extremely difficult, as Willis (1983) reported.
The second problem that Willis discussed was beyond his control - narrow b nd
data. In the past few years, the frequency band used in full waveform logging has
increased in width. In particular, lower frequencies are being included which results
in much more efficient excitation of the Stoneley Wave. In the following section a
method is proposed which can be applied to both open and cased hole geometries.
The guided waves are separated in the frequency domain, and both the Stoneley and
pseudo-Rayleigh waves are used simultaneously.
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Inverse Problem Setup
It was demonstrated in Chapter 3 that the inclusion of fluid viscosity in the borehole
wave propagation problem produced negligible changes in the resulting guided modes
for the frequencies of interest in acoustic logging and nominal values of fluid viscosity.
In particular, the attenuation due to viscous drag along the borehole wall was found
to be a minor component of the total guided wave attenuation. These results indicate
that the assumption of frequency independent Q values is justified even for the borehole
fluid. Using this assumption, then, the temporal Q-' of a guided wave in a borehole can
be represented (for small attenuation) by a linear combination of dissipation factors
(body wave Q- values) for each layer through which it propagates (see chapter 4).
The weighting factors corresponding to these Q-' values are the partition coefficients
or normalized phase velocity partial derivatives. In chapter 4, analytic expressions,
derived by Cheng et al. (1982), were presented and calculations were made for the
Stoneley and pseudo-Rayleigh modes in a range of multilayered borehole geometries.
The temporal Q- for either guided wave in an open borehole can be represented
by:
Oa ac c Q OQ-'(w) = q'C + Q; + . Q (5.1)
and for a well bonded cased borehole by:
c + c (5.2)
+ cm I -1 t [mt C -1+
C 09rtmt Orem] C em
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a (9c -1 + 0 ac Q 1
where the subscripts refer to:
f = borehole fluid
csg = casing
cmt = cement
(parameters with no subscripts refer to the formation). The partial derivatives, or
partition coefficients, are functions of frequency. The results of Chapter 4 allow us to
simplify these equations. In the open borehole situation, only about 5% (or less) of
the guided wave energy is in the form of compressional strain energy in the formation.
The Q-' term in Equation 5.1 can therefore be eliminated with minimal resulting
errors. Similarly, in cased boreholes, the formation P-wave partition coefficient is small
(5-10%) and can be ignored. In addition, because steel casing can be assumed to have a
very high Q value in comparison to the other layers ( Q=1000 is the usual assumption).
the casing terms in Equation 5.2 will have little affect on predicted dissipation of the
guided wave and can be eliminated. Finally, the term in Equation 5.2 corresponding to
the P-wave energy in the cement layer will also be eliminated because of its negligible
effect (about 1% in most models). The resulting linear approximation for the open
borehole geometry, then, is:
Qand for) = cased borehole:f + Q5.
and for the cased borehole:
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a = 1 C + ac Q , + [cac Q(5.4)
The errors in guided wave Q-1 due to these simplifications are about 2-3 percent
for the open hole geometry, and about 5-7 percent for the cased hole geometry.
In a fast formation (open or cased), the Stoneley wave is most sensitive to the fluid
Q value, while the pseudo-Rayleigh wave, near the cutoff frequency, is most sensitive
to the formation shear wave Q value. In a slow formation, the Stoneley wave becomes
quite sensitive to the formation shear wave Q. In general, we are most interested in the
estimation of the formation shear wave Q value. In fast formation situations, then, both
the Stoneley and pseudo-Rayleigh wave amplitude information will be used, while in a
slow formation, only the Stoneley wave information is available. It should also be noted
that the shear wave Q value of the cement layer in the cased borehole formulation may
be of some interest as an indicator of the cement quality or the presence of channeling
(i.e., zones of non-existent or poorly cured cement along which fluids may migrate).
The inverse problem can now be set up. By using Stoneley and pseudo-Rayleigh
wave information (when available) simultaneously and measuring spectral ratios for
each wave over as wide a frequency range as possible, an over determined system of
linear equations results which takes the form:
Ax = b (5.5)
where:
A = N x M matrix composed of calculated partition coefficients
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= M x I parameter vector (layer dissipation factors)
= N x 1 data vector (guided wave dissipation values)
The N equations represent
formation, for a fast formation
NI
N2
N frequency values of the Stoneley wave for a slow
however the structure of the system is:
Ast bst
ApR bpR
N1
N2
where:
N1
N2
bst
bpR
Ast
ApR
= number of Stoneley wave frequency values
= number of pseudo-Rayleigh wave frequency values
= Stoneley wave dissipation data
= pseudo-Rayleigh wave dissipation data
= Stoneley wave partition coefficients
= pseudo-Rayleigh wave partition coefficients
A solution of Equation 5.5 is found by minimizing the total squared error between
the data and model predictions. This minimization results in the least squares solution:
x = (ATA)-A Tb (5.7)
where:
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(5.6)
= estimated parameter vector
Several additional calculations can be made to try to characterize the solution x.
First, the parameter resolution is calculated. Substituting Equation 5.5 into Equation
5.7 results in:
x = Rx (5.8)
The parameter resolution matrix (R) is given by:
R = (ATA)-1ATA = I (5.9)
The least squares solution is perfectly resolved, that is , the solution is unique.
In a moment a damping factor will be added which will result in a resolution matrix
that is different from the identity matrix. The parameter resolution matrix, therefore.
provides a measure of how well the parameter estimation x matches the actual (unique)
least squares solution.
The second calculation to be performed is to see how well the model respon',,
matches the data. The predicted model behavior is given by:
AR =b (5.10)
which, together with Equation 5.7, yields:
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b = Sb
The S matrix is given by:
S = A(ATA) -'AT (5.12)
and is a measure of the model resolution in data space (Wiggins, 1972). The closer
the matrix is to the identity matrix, the better the agreement is between the model
and data.
Finally, the parameter covariance matrix is calculated to give some measure of the
error in parameters due to errors (noise) in the data (Aki and Richards, 1980). From
Equation 5.7 it follows that:
(x T) = (ATA)-'AT(bbT)A(ATA)-1 (5.13)
Assuming that all the components of the data covariance matrix are independent
and can be represented by a constant variance, Equation 5.13 is reduced to:
(5.14)
The data variance can be estimated by (Wiggins, 1972):
S__ 2
SN - M
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(5.15)
(5.11)
aX = or2 'ATA) - 1
That is, the final squared error between the model and data is assumed to be due
to noise or errors in the data.
A more robust solution to Equation 5.5 is obtained by using a special case of the
stochastic inverse (Aki and Richards, 1980). The stochastic inverse is a least squares
solution which includes the statistical aspects of both the data and the model. If the
model and data covariances can each be represented by a constant variance times the
identity matrix, the damped least squares solution emerges (Aki and Richards, 1980):
k = (ATA + E2 I)-1ATb (5.16)
where:
2
2
The damping factor(2 ) ensures that the matrix (ATA) is non-singular by suppress-
ing the contributions of eigenvectors whose eigenvalues are less than e2 (Wiggins, 1972:
Aki and Richards, 1980; Madden, 1984). The damped least squares solution can also
be derived by solving the least squares problem subject to a bounding constraint on
the sum of squared errors. This approach is referred to as the Levenburg-Marquardt
method (Lines and Treitel, 1984). The addition of a damping term prevents the solii-
tion from being dominated by small eigenvalue directions which are very sensitive to
the presence of noise (Madden, 1984). The parameter and data resolution matrices and
the covariance matrix for the damped least squares solution can be derived as before:
R = (ATA + E2 I)-1ATA (5.17)
S = A(ATA + C2I)-'AT (5.18)
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2 = af (ATA + f2 I)-lATA(ATA + 21)-1
z --
As 62 increases, the parameter covariance decrease, but the resolution of the solution
is also reduced. The selection of an appropriate damping factor is made by weighing
the trade off between parameter resolution and variance. As will be seen in the next
section, the inversion of noise free synthetic data can be carried out with e2 = 0 , but
real data will usually require some damping due to the presence of noise.
Inversion Results
Synthetic Data
In order to fully explain the exact procedure used to obtain Q estimates, and to inves-
tigate the accuracy and sensitivity of the results in a controlled situation, the inversion
procedure is first carried out on synthetic data for an open and cased borehole geome-
try. A flow chart of the computational procedure is given in Figure 5.1. The data vector
is constructed from the spectral ratios of the Stoneley and pseudo-Rayleigh waves over
a range of frequency values. The spectral ratios are converted to temporal Q-1 values
by:
Q-'(f) = Ul(Arirl/AIor) (5.20)
rf Az
where:
Anea = near receiver spectral amplitude
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(5.19)
Afa, = far receiver spectral amplitude
Az = receiver separation
U = group velocity
The group velocity used in Equation 5.20 is calculated from the input model pa-
rameters by equation 4.8. The model matrix, which consists of calculated partition
coefficients as outlined in chapter 4, is then generated. The resulting system of linear
equations is then solved for the parameters of interest (Qf' and Q. 1 in an open hole
geometry; Q-', Q~' and Q m in a cased hole geometry) by using the damped least
squares method.
Synthetic data generated by Tubman (1984) is used to test the routine. The data
was generated by the discrete wavenumber method (White and Zechman, 1968; Cheng
and Toks6z, 1981) for a fast formation in an open and cased hole situation. The open
hole data for two offsets is shown in Figure 5.2, while the cased hole data is given
in Figure 5.6. The parameters used to generate the data are given in Table 5.1. The
source wavelet is a 13kHz center frequency damped sinusoidal signal used by Tsang and
Rader (1979). In both examples, the 3.05m (10') and 4.57m (15') source-receiver offsets
are used as the near and far receiver traces for input into the inversion procedure.
Open Hole
The two traces used in the open hole inversion are shown in Figure 5.2 with the start
of the guided wave window noted on each trace. The amplitude spectra of the the
two traces are shown in Figure 5.3. Note that although the Stoneley and pseudo-
Rayleigh waves are difficult to separate in the time domain, separation in the frequency
domain is fairly straight forward. The spectral ratios are given in Figure 5.4 with the
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selected frequency ranges for each wave indicated. The inversion results obtained for
this example are:
Qf = 19.5 (5.21)
Q'g = 59.1
As noted in Table 5.1, the actual Q values used to generate the synthetic traces are:
Qf = 20 (5.22)
Q$ = 60
The predicted results are in excellent agreement with the actual values. The small
differences can be attributed to the fact that the formation compressional wave Q
effects have been neglected in the model. The predicted values were calculated without
damping, and as such, are perfectly resolved (Equation 5.9). The parameter and data
resolution matrices and covariance matrix for this example are given in Figure 5.5. The
standard deviations in the predicted Q values are also given in Figure 5.5.
The frequency ranges chosen for the spectral ratios of the two wave types warrant
some discussion. For the Stoneley wave, the frequency range chosen is not critical (for
the fast formation situation) since the partition coefficients show very little variation
with frequency (see Figure 4.4). The partition coefficients for the pseudo-Rayleigh wav,.
however, change rapidly for frequencies between the cutoff frequency and the Airy pha 'e
frequency (see Figure 4.3). The pseudo-Rayleigh wave is very sensitive to the formation
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shear wave Q value at frequencies close to the cutoff frequency. As a result, a better
estimate of the formation Q8 can be obtained if spectral ratio values close to the cutoff
frequency are used in the inversion. The cutoff frequency of the fundamental mode of
the pseudo-Rayleigh wave is calculated within the inversion routine based on the model
parameters supplied (this calculation is performed by solving the period equation for
the frequency at which the phase velocity equals the formation shear velocity). The
spectral ratios of the pseudo-Rayleigh wave can then be chosen as close to the cutoff
frequency as possible. The calculation of the cutoff frequency also provides a check
on the accuracy of the input model parameters, particulary the borehole radius, fluid
velocity, and shear velocity, since the calculated cutoff frequency can be compared with
the value which is evident from the amplitude spectrum of the data. In Figure 5.3, the
amplitude spectra of the data traces indicate that the cutoff frequency is between 8
and 9 kHz, while the calculated value is 8.44kHz, indicating that the input parameters
are in good agreement with the data.
The inversion results for this open hole synthetic example are excellent, but the data
is noise free and all the model parameters are exactly known. Although the presence of
noise in the data will certainly degrade the results, this degradation will be reflected in
the calculated solution variances. A more critical question involves the degradation of
the solution due to errors in the 'known' model parameters, that is, the parameters used
to generate the partition coefficients. These parameters are (for the open borehole):
the fluid velocity and density, the formation P and S wave velocities and density, and
the borehole radius. The partition coefficient curves presented in chapter 4 indicate
that the Stoneley wave attenuation is primarily controlled by the fluid attenuation at all
frequencies (for a fast formation), while the pseudo-Rayleigh wave is controlled by the
formation shear wave attenuation at low frequencies and the fluid attenuation at high
frequencies. The estimated v.lues of Qg, then, will be controlled by the low frequency
behavior of the partition coefficients, and any errors in model parameters which affect
the partition coefficient calculations in this region could greatly affect the formation
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shear wave Q estimates. The fluid Q, on the other hand, should be very robust to
errors in model parameters since the the estimated value is controlled by the Stoneley
wave partition coefficient behavior which is quite insensitive to model variations.
To quantify the sensitivity of the Q estimates to model parameter errors, the inver-
sion procedure has been repeated with the key model parameters perturbed by 5-10%
about their actual values. The resulting solutions and standard deviations are given in
Table 5.2. Again, no damping was utilized in the inversion. In general, the estimated
fluid Q, as expected, is very insensitive to parameter errors, while the formation Qq
value is very sensitive to errors in parameters which change the predicted cutoff fre-
quency or shape of the partition coefficient curves. The Q8 estimates are particularly
sensitive to the fluid velocity and borehole radius.
All of these calculations were carried out for parameter variations of 5-10% about
the actual values to compare the relative effects of errors in different parameters. The
expected range of errors for these parameters, however, are generally less than 5%.
Formation shear velocity can be measured with an accuracy of a few percent (Willis
and Toks6z, 1983). Fluid velocity, although seldom measured, is fairly well constrained
and can be estimated based on the fluid composition and density which are measured.
The fluid velocity generally varies between about 1480 m/sec for fresh water to about
1680 m/sec for very dense drilling fluid, a difference of 12%. Given knowledge of the
fluid density and composition, however, the velocity can be estimated to within 5C"
and probably to within 3%. The formation Q, estimates are also very sensitive to
errors in the borehole radius. Caliper logs, however, are routinely available to provide
information on the hole size. The accuracy of these logs is estimated to be between 3-
5% in most situations. Data from zones displaying large borehole size variations should(t
be avoided.
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Cased Hole
The second synthetic example is for a cased hole geometry. The parameters used to
generate the synthetic data are given in Table 5.1. The two traces used in the inversion
are shown in Figure 5.6. The start of the guided wave window is also noted on this
figure. The amplitude spectra for these traces are given in Figure 5.7, while the spectral
ratios and selected frequency ranges are shown in Figure 5.8. The inversion results (no
damping) for this example are:
Q = 20.7 (5.23)
Qs = 43.8
Q'cm, = 29.
while the actual values are:
The estimates in this case are excellent for the fluid and cement shear Q values, bit
in error by about 25%0 for the formation shear Q value. This error is the result of not
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Qf = 20 (5.24)
Q9 = 60
Q cmt = 30
selecting frequencies close enough to the cutoff frequency. The cutoff frequency for this
example is about 13kHz, although the identifiable pseudo-Rayleigh mode in Figure 5.7
appears to have a cutoff frequency of about 15kHz (It is possible that the notch in the
amplitude spectrum at about 13kHz may represent the pseudo-Rayleigh wave cutoff).
The parameter resolution, data resolution, and covariance matrices are given in Figure
5.9. The data resolution indicates that the model can only match the average of the
Stoneley wave data attenuation. The Stoneley wave Q-1 is invariant with frequency in
a cased hole situation and is controlled by the fluid Q-1 value. The pseudo-Rayleigh
wave provides the information for estimating the formation and cement Q values due
to its varying depth of investigation. At frequencies very close to the cutoff frequency,
the pseudo-Rayleigh attenuation is most sensitive to the formation shear wave Q, at
intermediate frequencies it is most sensitive to the cement shear wave Q, and at high
frequencies it is most sensitive to the fluid Q value. The presence of the casing and
cement layers results in a rapid decrease in the sensitivity to formation QB as the
frequency increases. This behavior is seen in the partition coefficient curves shown in
Figure 4.49. Such a rapid change in the partition coefficient values for the pseudo-
Rayleigh wave indicates that the Q estimate in a cased hole situation will be very
sensitive to the data quality near the cutoff frequency.
It is clear from the results of the synthetic cased hole example that the cutoff
frequency may not be easily identified in multilayered borehole situations. By using
data for frequencies higher than the cutoff frequency, the formation shear wave Q
estimates become less reliable, although the fluid and cement Q estimates remain quite
good.
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Real Data Applications
In this section the inversion procedure is applied to actual field data. Two sets of full
waveform acoustic log data collected in an open hole geometry are used, one collected
in a sand-shale lithologic sequence, and a second collected in a limestone-dolomite
sequence.
Sand/Shale Example
The first example consists of a data set which was collected in a small diameter 0.13 m
(5") borehole which penetrated a fairly low velocity sand-shale sequence. The borehole
was drilled as part of uranium leaching project. Borehole measurements of spontaneous
potential and resistivity are shown in Figure 5.10 for the interval of interest. Full wave-
form data was selected throughout the interval between 1930' (588 m) and 2100' (640
m) representing both the sand and shale intervals. Figure 5.11 shows the full waveform
traces corresponding to a single source receiver offset for this total interval. The data
are relatively noise free so the data selection process was based on the reliability of
supporting data (such as formation velocity values) rather than careful screening based
on data quality. Table 5.3 provides a list of the depths chosen for analysis, together
with the input model parameters for each depth. Formation shear wave velocity was
obtained from a shear wave logging tool (Zemanek et al., 1984) run in the same bore-
hole. The borehole was reported to contain only water which is estimated to have a
velocity of 1475 m/sec and a density of 1.05 gm/cc. The formation density has been
estimated to be 2.16 gm/cc for the sand units and 2.4 gm/cc for the shale units. The,
density of the sand zones is based on an assumed porosity of 30% and a quartz matrix
material having a density of 2.65 gm/cc. The source-receiver offsets for the near and
far receivers are 4.57m (15') and 6.1m (20') respectively. The near and far offset dlata
traces for two of the depths analyzed are shown in Figures 5.12a-5.12b. In some of the
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traces in Figure 5.11 an arrival is present before the Stoneley wave which is similar in
appearance to a pseudo-Rayleigh wave. The velocity of this arrival is consistent with
the formation shear wave velocity as measured with the shear wave acoustic logging
tool (SWAL), and is most likely a shear head wave arrival. The shear head wave ar-
rival is usually overwhelmed by the high amplitude pseudo-Rayleigh wave arrival but
is visible in this data because of the small borehole radius. The small radius results in
a high cutoff frequency for the pseudo-Rayleigh wave (12-14kHz) which is not excited
by the low frequency source of the tool (centered at 3-6kHz). The shear head wave is
visible in the zones having shear velocity greater than the borehole fluid velocity and
not present in the 'slow' shale intervals (Figure 5.11). Figure 5.13 shows the amplitude
spectra and spectral ratios at one depth to indicate the frequency band of the data and
show the quality of the data.
The inversion results for these data are given in Table 5.4. In each case, a small
amount of damping was used to stabilize the inversion. The amount of damping, which
was generally less than 1-2% of the largest diagonal element of ATA, was chosen to
maintain positive Q values and keep the resolution as high as possible. The parameter
resolution, data resolution, and covariance matrices for the final results for two depths
are given in Figures 5.14a-5.14b. Figure 5.15 is a plot of the calculated Q' values with
error bars representing +- one standard deviation about the estimated value.
The inversion results for this data set are very dependent on the lithology. In the
shale sections, the fluid Q estimates are high (150-250) and the formation shear wave
Q estimates are fairly low (20-30). In the sand sections, however, both estimates are
low (fluid Q = 20-40; formation shear Q = 20-40). It is reasonable to espect the fluid Q
value to be high in this well because the borehole was filled with water. Even the fluid Q
values obtained in the shale sections are lower than one would expect (Q of water is on
the order of 10000.), however, it is likely that the borehole fluid is more like a suspension
containing clay and sand particles entrained in the fluid during the drilling and logging
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operations. It is disturbing, however, that the fluid Q estimates in the sand intervals
are not consistent with the shale results. This inconsistency can be attributed to both
physical and numerical inadequacies in the model. The sand intervals in this well have
shear wave velocities which are greater than the fluid velocity, that is they are fast
formations. The shale intervals have lower shear velocity values, and in most cases can
be classified as 'slow' formations. The model behavior (partition coefficients) is very
dependent on the ratio of the shear wave velocity to the fluid velocity (see Chapter
4). In a 'slow' formation, the Stoneley wave attenuation is sensitive to both the fluid
and formation shear Q values in approximately equal measure, with the formation
shear Q becoming more dominant with increasing frequency. In a fast formation,
however, the Stoneley wave attenuation is much more sensitive to the fluid Q value and
the partition coefficients are almost invariant with frequency. In such situations, the
Stoneley wave amplitude information can provide good estimates of the fluid Q value,
but the pseudo-Rayleigh wave is needed to estimate the formation shear wave Q with
any confidence. The small diameter of the borehole in this example, together with the
low frequency source, resulted in no pseudo-Rayleigh wave excitation. It is not too
surprising, then, that the Stoneley wave attenuation in the fast formation sand units
is not adequate to estimate both the fluid and formation shear wave Q values. The
data resolution matrices (Figures 5.14a-5.14b) clearly indicate that the model can only
match the average Stoneley attenuation value of the data in the frequency range used.
The partition coefficient values in these zones are about 0.7 for the fluid compressional
energy and about 0.25 for the formation shear energy, with variations of only a few
percent over the frequency band used. The inversion routine, in these zones, is basically
trying to fit two unknowns (Q- 1 and Q- 1) to a single data point, with the result being
very poor parameter resolution.
The Stoneley wave attenuation does a much better job in the slow formation shale,
because the data is more variant with frequency. In addition, the fluid and formatiun
shear wave partition coefficients are of the same order (0.4 - 0.55) and show greater
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variation with frequency in these sections. The resulting parameter estimates are better
resolved and more reliable.
The damping factor can be adjusted in the sand intervals to force the fluid Q
values to agree with those obtained in the shale zones. The resulting formation shear
wave Q values, however, become unrealistically low (Q, = 4 -10). This leads to the
second reason for the inconsistencies between the sand and shale zone inversion results:
losses due to fluid flow in the permeable sand units. The sandstone intervals in this
well have extremely high permeability values (100 - 3000 millidarcies(md)). A plot
of core measured permeability values over the zone of interest in the well is shown in
Figure 5.16a. Several authors (Williams et al.,1984; Zemanek et al., 1985) have shown
that very good correlations exist between Stoneley (tube) wave attenuation (amplitude
ratio) and permeability in field recorded data. Correlations exist between the tube
wave velocity and permeability as well. Figure 5.16b shows the correlations between
the tube wave attributes and permeability for the data set used in this section (as
reported by Williams et al., 1984). The correlations are excellent. Several other authors
(Schmitt, 1985; Hsui and Toks6z, 1986; Cheng et al., 1986; Burns and Cheng, 1986)
have used the Biot theory of wave propagation in porous and permeable formations
to try to explain these correlations with some success. The very high permeability
associated with the sandstone intervals of this well results in additional attenuation of
the Stoneley wave due to energy coupling between the borehole fluid and the pore fluid
of the permeable formation. The model used in the inversion procedure, however, does
not explicitly address this attenuation mechanism. The increased attenuation in these
zones, therefore, is reflected in the much lower fluid Q value estimates. A more detailed
study of the Stoneley wave attenuation due to formation permeability is left to Chapter
6. In that chapter this same data set will be inverted for formation permeability and
formation shear wave Q values.
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Limestone/Dolomite Example
The second real data application involves full waveform acoustic logs recorded in a
deep borehole that penetrated a limestone -dolomite lithologic section. The borehole
diameter is 0.219 m (8.625") and the drilling fluid in this example was reported to
consist of a dispersed gel (in water) with a density of 1.2 gm/cc and an estimated
velocity of 1525 m/sec (5000 ft/sec). Natural gamma ray and density logs recorded
in the interval of interest are shown in Figure 5.17. The lithology varies between low
porosity limestone (0-3%) and higher porosity dolomite (5-15%) in the interval from
5150' (1570 m) to 5300' (1616 m) (note: the depths are relative to an arbitrary reference
and not the actual values). Again, data from a number of depths have been selected
through this interval. The depths and model input parameters are given in Table 5.5.
Formation P and S wave velocoties were obtained from the full waveform acoustic logs.
The data from this borehole was collected with the same downhole tool as the previous
example (source-receiver offsets of 4.57m (15') and 6.1m (20')). The data traces for
two of the depths used are shown in Figures 5.18a - 5.18b. Because this example
consists of a fast formation, and the borehole radius is sufficiently large to result in the
excitation of the pseudo-Rayeigh wave in the source frequency band, both the Stoneley
and pseudo-Rayleigh wave spectral ratios are used in the inversion.
The results of the inversion for this data set are given in Table 5.6. A five point cen-
tered running average has been used to smooth the amplitude spectra in this example.
As in the previous example, a small amount of damping has been used in some cases.
The parameter resolution, data resolution, and parameter covariance matrices for the
final results at two depths are given in Figures 5.19a - 5.19b. The fluid Q estimates are
very consistent (fluid Q = 25 - 40) and very well resolved (fluid Q resolution = 0.0 -
1.0). This is due to the Stoneley wave attenuation which is strongly dominated by the
fluid attenuation value for this very rigid, fast formation (fluid partition coefficients
0.93 - 0.95). The data resolution is similar to what was seen for the cased hole syn-
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thetic example. The Stoneley wave Q 1 data is basically invariant with frequency and
is completely dominated by the fluid attenuation. The pseudo-Rayleigh wave attenu-
ation is sensitive to the formation shear wave attenuation at frequencies very close to
the cutoff frequency (about 9kHz), but the sensitivity decreases rapidly with increasing
frequency. This rapid drop off of sensitivity results in the formation shear Q estimates
being very sensitive to the spectral ratio data in a narrow frequency band near the
cutoff frequency. Figure 5.20 shows the amplitude spectra for one representative depth
with and without the running average imposed. The Stoneley wave data is very stable,
but the pseudo-Rayleigh wave data is very noisy, especially in the vicinity of the cut-
off frequency. The low frequency source (centered around 3-6kHz) has low energy in
the pseudo-Rayleigh frequency band, making the amplitude information in this band
sensitive to the background noise level. This fact, coupled with the lower excitation
amplitude of the pseudo-Rayleigh wave near the cutoff frequency (see Chapter 4), re-
sults in spectral ratios which are noisy in this critical frequency band. The result of
this noise sensitivity is generally poor resolution of the formation shear wave Q values.
The spectral smoothing, however, helps reduce the noise problems and improves the
resolution of the solutions.
The estimated Q values for this example are fairly consistent. The fluid Q estimates
are well resolved and consistent in both the limestone and dolomite sections. The values
are lower than the values found in the last example (fluid Q = 25 - 40), reflecting the
differences in the borehole fluid for the two examples. The formation shear wave Q
estimates also show consistency within the data set. The Q0 values in this example are
much higher than in the previous example (shear Q = 60 - 120). Little variation in Q3
values between the limestone and dolomite intervals is evident. Figure 5.21 gives the
estimated Q values with error bars over the interval of interest.
The porous dolomite intervals in this example are also permeable. The permeability
values in this well, however, are much lower than in the previous example ( 0 - 2(1
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md). The correlations between the Stoneley wave velocity and attenuation and core
measured permability values are given in Figure 5.22 (as reported in Williams et al.,
1984). The correlations, although not as dramatic as in the sand-shale example, are
quite convincing. The Q estimates in the porous intervals do not show a dramatic
decrease over the values in the non-porous limestone, although the fluid Q estimates
do show a slight decrease which may be attributed to the fluid flow losses in these
zones. This data set will also be utilized in Chapter 6 in an effort to estimate in-situ
permeability variations.
Conclusions
In this chapter, the energy partition coefficient model, developed by Cheng et al. (1982)
and adapted to multilayered borehole geometries in Chapter 4, was applied to the
problem of estimating formation Q, from borehole guided waves. A linear least squares
inversion routine was developed to simultaneously invert Stoneley and pseudo-Rayleigh
wave spectral ratio data for Qft and Q' in open hole geometries, and Q1', Q',
and Q-1, in cased hole geometries. Inversion of synthetic waveform data indicated
that in open hole situations the procedure provides excellent results although the fluid
velocity, formation shear wave velocity, and the borehole radius parameters must be
known with an accuracy of a few percent. Synthetic cased hole data inversion resulted
in excellent estimates of the fluid Q and cement shear wave Q values, but the accuracy
of the formation shear wave Q estimate is especially dependent on the spectral ratio
measurements very close to the cutoff frequency.
The inversion method was also applied to field data examples in two different litho-
logic sections. In the first example, fluid Q and formation shear wave Q estimates were
obtained in a sand-shale sequence using the Stoneley wave only. The formation S wave
velocities in this data set were fairly low, varying between values just below the fluid
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velocity to values just above the fluid velocity. The Stoneley wave attenuation in this
data was quite sensitive to the formation shear wave Q in the 'slow' formation regions,
but less sensitive in the faster sandstone units. The Q estimates in the 'slow' shale units
were quite reasonable, while the estimates in the highly permeable sandstone intervals
were substantially lowered due to fluid flow losses. The second field data example was
in limestone-dolomite sequence. The formation velocities in this example were very
high, and the Stoneley and pseudo-Rayleigh wave spectral ratios were used simultane-
ously in the inversion. The results of this example were similar to the cased borehole
synthetic result: the Qg estimates are sensitive to the quality of the pseudo-Rayleigh
spectral ratio data very close to the cutoff frequency. The pseudo-Rayleigh wave in
this frequency region has low excitation amplitude, and is very sensitive to noise con-
tamination. Spectral smoothing helped to alleviate some of the noise problems. The
fluid Q estimates obtained in this example were very well resolved and very consistent
as were the formation shear wave Q estimates.
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LAYER Vp Vs p Qp Q,
(m/sec) (m/sec) (g/cm3 )
fluid 1676 0 1.2 20 0
formation 4878 2601 2.16 60 60
casing 6098 3354 7.5 1000 1000
cement 2823 1729 1.92 40 30
Table 5.1
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parameter varied Q[ Q
none 19.5 59.1
VI -5) 19.05 51.9
, (+5%) 19.9 68.9
V (-%) 20.6 985.
Vf (-10 o) 21.2 -31.7
R (-5o) 19.7 38.9
R (+5%) 19.0 171.1
p -5 19.3 65.5
p (+5%) 19.6 54.5
Table 5.2
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Table
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DEPTH V, V, p
(m/sec_ Vm/sec) (g/cma)
1920 2772 1463 2.4
1930 3278 1524 2.4
1946 2772 1463 2.4
1970 3209 1591 2.4
2000 3314 1925 2.16
2003 3388 1829 2.16
2010 3278 1829 2.16
2020 3314 1742 2.16
2035 3504 1663 2.4
2040 3587 1709 2.4
2050 3388 1663 2.16
2070 3504 1829 2.16
2090 3426 1742 2.16
5.3
DEPTH Qf '(x10-) Q;'(x10- 2 )
1920 3.64 +- 0.550 1.59 +- 0.756
1930 0.468 +- 0.69 2.87 +- 0.927
1946 0.557 +- 1.38 9.83 +- 1.99
1970 0.449 +- 1.01 4.97 +- 2.10
2000 4.72 +- 0.513 4.49 +- 1.33
2003 4.57 +- 0.483 3.51 +- 0.934
2010 4.68 +- 0.431 3.61 +- 0.817
2020 5.20 +- 0.442 4.37 +- 1.01
2035 4.10 +- 0.477 3.57 +- 0.755
2040 4.69 +- 0.717 5.20 +- 1.40
2050 2.51 +- 0.592 4.07 +- 1.01
2070 4.53 +- 0.601 2.31 +- 0.364
2090 4.01 +- 0.126 4.26 +- 0.720
Table 5.4
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DEPTH VP V, p
msec) msec) (g/cm )
5165 6353 3388 2.71
5180 5543 3388 2.65
5210 5349 3388 2.57
5213 5543 3278 2.57
5225 5256 3143 2.50
5230 5276 3278 2.55
5239 5863 3243 2.62
5250 6353 3388 2.72
5265 6098 3783 2.62
5275 6353 3465 2.70
5290 5752 3388 2.70
Table 5.5
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Table
DEPTH QjT(z10-) Q;'(z10- 2)
5165 2.015 +- 0.255 2.54 +- 1.47
5180 2.80 +- 0.382 1.25 +- 1.26
5210 4.55 +- 0.322 1.97 +- 0.86
5213 2.21 +- 0.264 0.497 +- 0.805
5225 2.44 +- 0.482 3.28 +- 2.05
5230 2.79 +- 0.374 1.67 +- 1.07
5239 2.75 +- 0.394 3.20 +- 1.39
5250 1.83 +- 0.290 1.49 +- 1.10
5265 1.30 +- 0.117 4.89 +- 0.489
5275 1.03 +- 0.158 2.28 +- 0.35
5290 3.85 +- 0.266 1.11 +- 0.658
5.6
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Figure 5.1: Flow chart of the computational procedure used to estimate attcnuatilu
factors.
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Figure 5.2: Synthetic mecroseisnmograms f.,r an open boreholk: with a fast forim;atii
The two offsets are 3.05m (10') and 4.57m (15'). The start of the guided xkave
window is noted on each trace.
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Figure 5.3: Amplitude pectra for the guided wave portions of the synthetic micll,)si ,-
inograms given in Figure 5.2.
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Figure 5.4: Spectral ratios obtained from the spectra in Figure 5.3.
ranges for the Stoneley and pseudo-Rayleigh waves are indicated.
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000 16000
The freqtency
++++*+*++**++ +++ +++ +++
eps2* 0.
++++++++++++++++++++++++++++++
*** resolution matrix ***
1.00 0. 0.
0. 1.00 0.
*** information density matrix ***
0.12 0.12 0.12 0.12 0.12 0.13 -. 05
0.06 0.07 0.08 0.08
0.12 0.12 0.12 0.12 0.13 0.13 -. 05
0.06 0.07 0.08 0.08
0.12 0.12 0.12 0.13 0.13 0.13 -. 05
0.06 0.07 0.08 0.09
0.12 0.12 0.13 0.13 0.13 0.13 -. 05
0.06 0.07 0.08 0.09
0.12 0.13 0.13 0.13 0.13 0.13 -.05
0.06 0.07 0.08 0.09
0.13 0.13 0.13 0.13 0.13 0.13 -. 06
0.06 0.07 0.08 0.09
-.05 -.05 -.05 -.05 -.05 -.06 0.21
0.05 0.03 0.02 0.01
-.04 -.04 -.04 -.04 -.04 -. 04 0.19
0.05 0.03 0.02 0.01
-.03 -.03 -.03 -.03 -.03 -.03 0.18
0.05 0.03 0.02 0.02
-.02 -.02 -.02 -.02 -.02 -.02 0.16
0.05 0.04 0.03 0.02
-.00 -. 00 -. 01 -.01 -. 01 -.01 0.14
0.05 0.04 0.03 0.03
0.01 0.01 0.01 0.01 0.01 0.01 0.12
0.05 0.04 0.04 0.03
0.02 0.02 0.02 0.02 0.02 0.02 0.10
0.05 0.05 0.04 0.04
0.03 0.03 0.03 0.03 0.03 0.03 0.38
0.05 0.05 0.05 0.04
0.05 0.05 0.05 0.05 0.05 0.05 0.6
0.05 0.05 0.05 0.05
0.06 0.96 0.06 0.06 0.06 0.06 0.05
0.05 0.05 0.05 0.06
0.07 0.07 0.07 0.07 0.07 0.07 0.03
0.05 0.06 0.06 0.06
0.08 0.08 0.08 0.08 0.08 0.08 0.2
0.05 0.06 0.06 0.06
0.08 0.08 0.09 0.09 0.09 0.09 0.1
0.06 0.06 0.06 0.07
-.04 -.03 -.02 -.00 0.01 0.02 0.03 0.05
-. 04
-.04
-. 04
-. 04
-. 04
0.19
0.18
0.16
0.15
0.13
0.11
0.09
0.08
a0.06
?0.05
0.03
0.02
-. 03
-. 03
-.03
-. 03
-.03
0.18
0.16
0.15
0.13
0.12
0.10
0.09
0.07
0.06
0.05
0.03
0.02
-. 02
-. 02
-.02
-. 02
-.02
0.16
0.15
0.13
0.12
0.11
0.10
0.08
0.07
0.06
0.05
0.04
0.03
-. 00
-.01
- .01
- .01
-.01
0.14
0.13
0.12
0.11
0.10
0.07
0.06
0.05
0.04
0.03
0.01
0.01
0.01
0.01
0.01
0.12
0.11
0.10
0.10
0.09
0.08
0.07
0.06
0.06
0.05
0.04
0.04
0.02
0.02
8.82
0.02
0.02
0.10
0.09
0.09
0.08
0.08
0.07
0.07
0.06
0.05
0.05
0.05
0.04
0.03
0.03
0.03
0.03
0.03
0.08
0.08
0.07
0.07
0.07
0.06
0.06
0.06
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.06
0.06
0.06
0.06
0.06
0.06
0.05
0.05
0.05
0.05
0.05
0.05
Y.01 0.02 0.02 0.03 0.03 0.04 0.04 0.05
*** covariance matrix ***
2.97446e-06 -2.67620e-06
-2.67619e-06 5.56157e-06
******** OUTPUT *******
---- actual attenuation calculations
1/qf --- > 5.12569e-02 +- 1.72466e-03
I/qs --- > 1.69082e-02 +- 2.35830e-03
1/qcmt --- > 0. +- 0.
.............. data variance - 1.20743e-05
q values and stnd deviations ----
qf = 19.5096 range: ( 20.1889 18.8745 )
qs = 59.1429 range: ( 68.7289 51.9035 )
Figure 5.5: Parameter and data resolution matrices and the parameter covariance ma-
trix for the open borehole synthetic example.
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Figure 5.6: Synthetic mecr,)scism ograms f.,r a ca_,d hbrehole with a ftst formarii. IL I.
t.wo offsets are 3.05m (10') and 4.57m (15). The start of th,. guided wave wiLd ,
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Figure 5.7: Amplitude spectra for the guide(d wave portions of the synthetic micr(,,,,l.-
mograms given in Figure 5.6.
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Figure 5.8: Spectral ratios obtained from the spectra in Figure 5.7.
ranges for the Stoneley and pseudo-Rayleigh waves are indicated.
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++++++.++++.+++...++++++++++++.
eps2m 0.
*** resolution matrix ***
1.00 0. 0.00
0. 1.00 -. 00
0. 0. 1.00
*** information density matrix ***
0. 75 0. 04 0. 03 0. 03 0. 03 0. 03 0. 03 0. 03 0. 03 0. 03 0. 03 0. 03 0. 03 0. 03 0. 03
0.03 0.03 0.02 0.02 0.02
-.31 0.11 0.10 0.09 0.08
0.07 0.06 0.05 0.04 0.02
0.01 0.00 -.01 -.02 -.04
-. 05 -. 06 -.08 -. 09
0. 04 0. 05 0. 05 0.05 0. 05 0. 05 0. 05 0. 05 0. 05 0. 05 0. 05 0. 05 0. 05 0. 05 0. 05
0. 05 0. 05 0. 05 0.05 0.05
0.05 -.01 -.01 -.01 -.01
-. 00 -. 00 -. 00 -. 00 -. 00
-. 00 -. 00 -. 00 -. 00 -. 00
-.00 -.00 0.00 0.00
-. 08 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0. 00
0.00 0.00 0.00 0.00 0.00
0.08 0.04 0.04 0.04 0.05
0. 05 0. 05 0. 05 0. 05 0. 05
0.05 0.06 0.06 0.06 0.06
0.06 0.07 0.07 0.07
-. 09 0. 00 0. 00 0.00 0. 00 0. 00 0. 00 0. 00 0. 00 0. 00 0. 00 0. 00 0. 00 0. 00 0. 00
0.00 0.00 0.00 0.00 0.00
0.09 0.04 0.04 0.04 0.04
0.05 0.05 0.05 0.05 0.05
0.05 0.06 0.06 0.06 0.06
0.06 0.07 0. 07 0.07
*** covariance matrix ***
2. 51817e-06 1. 21635e-06 -6. 41420e-06
1. 21635e-06 3. 40843e-05 -9. 05400e-05
-6. 41421e-06 -9. 05400*-05 2. 98506e-04
******** OUTPUT ********
----actual attenuation calculations -----
1/qf --- > 4.83656*-02 +- 1.58687e-03
1/qs --- > 2. 28540e-02 +- 5. 83818e-03
1/qcmt --- > 3.45296e-02 +- 1.72773e-02
.............. data variance =
Sq
qfm =
qs -
qcmt =
values and
20.6758
43.7561
28.9607
3.62506e-05
stnd deviations ----
range: ( 21.3772 20.0190 )
range: ( 58.7689 34 8527 )
range: ( 57.9634 19.3025
Figure 5.9: Parameter and data resolution matrices and the parameter covariance ma-
trix for the cased borehole synthetic example (only the first two and last two lines
of the data resolution matrix are included because of its length).
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SP RESISTIVITY
Figure 5.10: Borehole measurements of spontaneous potential (SP) and resistivity for
the interval of interest in the sand/shale example.
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Figure 5.11: Iso-offset plot of the full waveform acoustic logging data for the sand/shale
example. The offset is 4.57m (15').
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Figure 5.12: Near (4.57mn, 15') and far (6.1m, 20') offset traces for two depths of the
sand/shale example full waveform acoustic log data: (a) depth 1970 and (b) depth
2020. Both traces in each example are normalized to the maximum amplitude (,f
the near offset trace.
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Figure 5.13: Amplitude spectra (a) and spectral ratios (b) for the data at depth 2020 in
the sand/shale example. Al refers to the near receiver amplitude and A2 refers
to the far receiver amplitude.
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eps2= 5 00000e-03
*** resolution matrix ***
0 88 0 26 0
0 26 0 46 0
*** Information
0 19 0 17 0 15 0
0 17 0 15 0 14 0
0 15 0 14 0 13 0
O 13 0 12 0 12 0
0 11 0 11 0 10 0
O 09 0 09 0 09 0
0 07 0 08 0 03 0
0.05 0 06 0 07 0
0 04 0 05 0 06 0
0 02 0 04 0 06 0
*** covariance n
1 02620e-04 -z
-2 09854e-04
density ma'
13 0 11 0
12 0 11 0
12 0. 10 0
11 0 10 0
10 0 10 0
10 0 10 0
09 0 10 0
08 0 10 0
08 0 09 0
07 0 09 0
matrix ***
2 09856e-04
41240e-04
trix
09 0.
09 0
09 0.
10 0
10 0
10 0
10 0
11 0
11 0.
11 0
07 0
08 0.
08 0.
09 0
10 0.
10 0
11 0.
11 0.
12 0
13 0
******** OUTPUT ********
---- actual attenuation calculations
I/qf --- > 4 42656e-03 +- 1 01302e-02
I/qs --- 3 4 97384e-02 +- 2 10057e-02
1/qcmt --- :, 0 +- 0
data variance = I 21551e-05
q values and stnd deviations ----
qP = 222 828 range ( -1/7 191
qs = 20 1052 range ( 34 8036
68 4147
14 1354 )
+ +++ ++...++...++++++.+..+..+++ + ++++
ep's2= I 00000e-02
++-+*+ ++*+++++.+..........+++ +
k** reSOlucion matrix *rb
,3 3;
0 11
.3 I1
0 1
o IC0 i1
0 101
0 100 iO
0 10
0 09
0 039
0 09
-3
0 32 0
0 Io 0
InFornation
0 1 3 7 11 0
0 [i 7 ID 0
3 11 3 i0 03
0 n 0 1iO ')
5 13 0 1l) 0
0 10 0 10 0
0 10 0 10 0
0 10 0 10 0
0 09 0 10 0'
0 09 0 09 0
co.arlance
75o47e-05-
72256e-05
density ma
10 0 10 0
10 0 10 0
10 0 10 0
10 0 10 03
i0 0 10 0
10 0 i0 0
iO 0 10 0
10 0 10 0
10 0 10 0
10 ,J 10 0
natri 0s
3 73251e-05
I 02493e-04
trix
10 0
IU 0
10 3
10 0
10 0
10 0
10 0
10
10 0
10 0
10 0
10 0
10 0
10 0
10 0
10 0
10 0
10 0
s**.*** J3TPUT :IIJ
---- actJal attenuation calculations
1/qf --- 5 19586e-02 +- 4 4232'e-03
I/qs --- 4 37050o-02 s- t 01234e-02
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Figure 5.14: Reolhution and covariance matrices for the inversion results of (a) 11':,tI
1970 and (b) depth 2020 of the sand/shale example.
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Figure 5.15: Plot of the estin ated attenuation v, ,les (fluid and formation shear wave)
for the shand/shale example.
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Figure 5.17: Borehole measurements of natural gamma and bulk density for the interval
of interest in the limestone/dolomite example.
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Figure 5.18: Near (4.57m, 15') and far (6.1m, 20') offset traces for two depths of the
limestone example full waveform acoustic log data: (a) depth 5165 and (b) depth
5290. Both traces in each example are normalized to the maximum amplitude of
the near offset trace.
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Figure 5.19: Resolution and covariance matrices for the inversion results of (a) depth
5165 and (b) depth 5290 of the limestone example.
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Figure 5.21: Plot of the estimated attemnatioj values (fluid and formation shear w:,)
for the limestone example.
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Figure 5.22: Stoneley wave travel time and amplitude ratio (attenuation) correlation
with core measured permeability as reported by Williams et al. (1984) for the
limestone example.
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Chapter 6
Permeability Estimation from
Guided Waves
Introduction
In Chapter 5, formation shear wave and borehole fluid Q estimates were obtained from
measurements of Stoneley and pseudo-Rayleigh wave attenuation as a function of fre-
quency. No assumptions were made as to the attenuation mechanisms involved, but
the body wave Q values were assumed to be frequency independent over the fairly
narrow frequency band used in full waveform acoustic logging. In this chapter, the
formation attenuation is separated into two parts: i) losses due to fluid flow in porous
and permeable formations, and ii) all other loss mechanisms which will be represented
by frequency independent body wave Q values and referred to as intrinsic attenuation.
The purpose of this subdivision is to investigate the possibility of using the guided
wave attenuation and dispersion to estimate the in-situ permeability. Published data
(Williams et al., 1984) shows excellent correlation between the Stoneley wave veloc-
ity and attenuation and measured permeability, therefore this chapter will focus on the
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Stoneley wave. The model used is the Biot (1956 a, b) model of a porous and permeable
medium which was first applied to the cylindrical borehole geometry by Rosenbaum
(1974). The model will be referred to as the Biot-Rosenbaum model. Following a brief
overview of the model and its application to the full waveform acoustic logging prob-
lem, the Stoneley wave roots of the porous formation period equation are found, and
phase velocity and attenuation calculated, for several formation models as functions
of frequency and permeability. After examining the guided wave behavior predicted
by this model, the model will be applied to published tube (Stoneley) wave measure-
ments in permeable formations (Williams et al., 1984; Zemanek et al., 1985). Finally,
an inverse problem is formulated, based on the Biot-Rosenbaum model, to estimate
formation permeability, formation shear wave Q value, and pore fluid parameters from
Stoneley wave attenuation data.
Background
The estimation of in-situ permeability from borehole geophysical logs has been a topic
of discussion for the past 30 years. Empirical relations between porosity and permeabil-
ity provide reasonable estimates when applied to particular rock types in specific geo-
graphic regions. Simple capillary tube models of a permeable rock, such as the Carman-
Kozeny model, have also been investigated in detail. Such models relate permeability
to porosity and formation factor, two measurable quantities, and the hydraulic radius
(the ratio of pore volume to pore surface area) which can not be measured in-situ. The
Carman-Kozeny model has been used with some success (Brace, 1977) but is difficult
to apply to the in-situ estimation problem. A more promising approach utilizes the
Stoneley (tube) wave arrival in the full waveform acoustic log. Williams et al. (1984)
and Zemanek et al. (1985) have shown significant correlations between core measured
permeabilities and the tube wave velocity and attenuation. Their results indicate that
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over a fairly wide range of permeability values (0.01 - 3000 millidarcies(md)) the tube
wave velocity and attenuation can provide an estimate of the relative permeability vari-
ations as a function of depth in the borehole. All other factors being equal, the velocity
decreases and the attenuation increases with increasing permeability. The tube wave
velocity, however, is also sensitive to changes in the formation shear wave velocity. The
tube wave attenuation, in addition to being sensitive to permeability variations, is also
affected by other attenuation mechanisms which can be lumped into the frequency in-
dependent body wave Q values of the formation. In order to understand the effects of
these various factors a theoretical model of borehole wave propagation which includes
the effects of permeability is needed. An appropriate model would also provide the
means for estimating the in-situ permeability in an absolute sense from the the tube
wave measurements.
Biot (1956a,b) developed a theoretical model for wave propagation in a porous solid
containing a viscous pore fluid. in this model, the permeability of the solid is a necessary
parameter to describe the relative motion between the solid matrix and the pore fluid.
Such motion results in attenuation of any propagating seismic waves. Rosenbaum
(1974) applied the Biot model to the borehole wave propagation problem by assuming
the borehole was surrounded by a porous Biot solid. Although this formulation treats
the attenuation due to fluid motion (and therefore permeability), it does not treat
any other attenuation mechanisms (such as friction or grain boundary relaxation).
Rosenbaum (1974) did investigate the attenuation of the tube or Stoneley wave and
the pseudo-Rayleigh wave as a function of permeability, but did not investigate the
tube wave velocity effects. The use of high frequency source in his synthetic studies
resulted in poor tube wave excitation and the sensitivity to permeability changes was
not fully appreciated. White (1983) investigated the effect of a permeable formation on
the tube wave velocity and attenuation by looking at a low frequency approximation
to the problem. His results, based on a borehole wall inipedence function, showed that
the tube wave velocity and attenuation should be sensitive to permeability changes at
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low frequencies. Hsui et al. (1985) used the approach of White (1983) and Rosenbaum
(1974) to study the tube wave attenuation as a function of permeability. They also
modified the Rosenbaum formulation by introducing complex velocities to treat the
effects of intrinsic attenuation. Schmitt et al. (1985) have also used a Biot-Rosenbaum
type formulation to study borehole wave propagation, but they have concentrated on
the effects of the pore shapes and tortuosity variations.
Before examining the model behavior and comparing the predicted behavior to
measured data, a review of the Biot-Rosenbaum model will be covered.
Forward Modelling - The Biot-Rosenbaum Model
Overview of the Model
Biot (1956a,b) developed a theoretical model of a two phase medium which can be used
to describe wave propagation in a porous and permeable formation. The model treats
the medium as a solid elastic matrix containing a compressible viscous fluid. A review
of the formulation can be found in Schmitt (1986a). Biot defines average stresses on
the solid and fluid phases of the medium, and strains in terms of the displacements of
the skeleton and fluid. Equations of motion are derived from the Lagrange equations
which yield two coupled differential equations in terms of displacements in the solid and
fluid phases. These equations are then separated into equations in terms of dilatation
and rotation only. Dissipation is proportional to the relative motion between the solid
frame and the viscous pore fluid. The dissipation, therefore, is controlled by the ease
with which the pore fluid moves through the solid skeleton of the medium. As such, the
permeability of the medium and the viscosity of the pore fluid enter the formulation
through this dissipation term. At low frequencies the fluid flow is assumed to be laminar
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and to follow Darcy's Law. In order to extend his formulation to high frequencies (non-
laminar flow), Biot (1956b) introduced a complex correction factor to the dissipation
function by deriving the friction and viscous forces due to the oscillation of cylindrical
tubes containing a viscous fluid. He extended this factor to other pore shapes and
tortuosity values (referred to as the structural factor), but found that the solutions are
relatively insensitive to most reasonable variations.
The coupled equations result in two dilatational waves and one rotational wave
which propagate in the porous medium. The dilatational wave of the first kind is the
normal P wave and is related to the in-phase motion of the solid and liquid phases. The
dilatational wave of the second kind, or slow P wave is a diffusive type wave which is
related to an out of phase motion of the two phases (Biot, 1956a). All three body waves
are dispersive and dissipative due to the viscous pore fluid motion. Lab measurements
on a synthetic porous material have substantiated the existence and behavior of these
three body waves (Plona, 1980).
Rosenbaum (1974) applied the Biot model to the borehole geometry and generated
synthetic full waveform acoustic logs. Schmitt (1986b, 1986c) has generated synthetic
logs in porous formations in both open and cased hole geometries, and has studied the
effect of pore shapes on the arrivals. In this chapter, only the simple open borehole
geometry will be considered. For such a geometry, there are four boundary condition
which must be satisfied at the borehole wall:
i) continuity of radial diaplacement
ii) continuity of radial stress
iii) vanishing of axial (shear) stress
iv) continuity of fluid pressure (between the borehole and pore fluids)
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If the borehole wall is completely sealed, by steel casing for example, the fluid
pressure continuity condition is no longer applicable, and the new boundary condition
would be that skeleton and pore fluid displacements would be equal at the borehole
wall. The period equation is derived by satisfying the four boundary conditions at the
borehole wall. The result is a four by four determinant whose elements are given in
Rosenbaum (1974).
The Rosenbaum (1974) formulation will be used to model the behavior of the bore-
hole guided waves in a simple open hole geometry and porous and permeable formation.
Following Rosenbaum, the formation structural factor is taken as V8_ and the mass cou-
pling coefficient is set at 3 for all calculations in this chapter. These values correspond
to typical rocks (White, 1984), and represent a pore structure consisting of an orthogo-
nal orientation of cylindrical tubes. Test calculations have been carried out with other
values of these factors and the results indicate that the tube wave behavior is only
slightly affected by the choice of values. The other parameters needed to model the
porous formation using this model are:
- borehole fluid velocity and density
- pore fluid velocity, density and viscosity
- dry P and S velocities of the formation
- grain material density and bulk modulus
- formation porosity and permeability
A final parameter in the Rosenbaum formulation is the aconstic pressure impe(done
factor n. When tc is zero, the borehole fluid pressure and pore fluid pressures are
equal. Rosenbaum referred to this situation as the 'open' hole case. As nt increases.
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the pressure communication between the two fluids decreases until in the limit as 1C
goes to infinty there is no pressure communication. This is referred to as the 'sealed'
case by Rosenbaum and he used this as a model of the effects of an impermeable
mudcake on the borehole wall. The actual effect of a thin mudcake layer on the borehole
wall is unknown, however it seems likely that such a layer would still allow pressure
communication between the two fluid systems. All calculations in this chapter will
assume :i = 0 unless otherwise noted.
One further note on the model concerns the pore fluid viscosity. The permeability
and pore fluid viscosity appear in the Biot model as a ratio, that is, the conductivity
of pore fluid mobility is the key factor.
In the next section, the theoretical dispersion and attenuation of the Stoneley wave
will be calculated for a range of formation parameters. In particular, variations due to
frequency, permeability, and formation shear wave Q will be addressed.
Theoretical Results
The Stoneley wave root of the Biot-Rosenbaum period equation can be found for any set
of input data as functions of frequency. Phase velocity and attenuation are calculated
from the complex wavenumber root according to Equations 2.15 and 2.16. Table 6.1
contains all paramaters used in the models in this chapter.
Figure 6.1 presents the phase velocity dispersion curves for a fast formation with
various porosity and permeability values (Table 6.1). The curves marked 'A' represent
the case of 5% porosity and 10md permeability, the 'B' curves are the results for
the case of 15% porosity and 100 md permeability, and the 'C' curves are for 25 7
porosity and 1000 md of permeability. The dashed lines are the results for the 'sealedl'
borehole wall situation (no pressure communication between the borehole and pore
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fluids), while the solid lines represent the 'open' borehole wall situation (complete
pressure communication). Although the sealed borehole results show some effect of
the permeability variations, these effects are negligible, and, for all practical purposes,
the dashed lines represent the non-permeable, elastic formation dispersion curves. The
differences between the three sealed borehole wall curves are a result of the porosity
variations, while the open borehole wall curves indicate the effect of the permeability
variations. The Stoneley wave phase velocity dispersion predicted by this model is
sensitive to permeability variations only at low frequencies. The curve for the 10 md
case (labelled 'A') shows almost no deviation from the sealed wall curve, the 100 md
case ('B') shows deviation only at very low frequencies ( 2kHz), and the 1000 md
example ('C') shows significant deviation at frequencies less than about 5kHz. Figure
6.2 shows the Stoneley wave attenuation for the same sets of parameters. The curves are
again labelled 'A', 'B', and 'C'. As with the phase velocity, Stoneley wave attenuation
(Q-1) predicted by this model is sensitive to variations in the formation permeability.
The curves for the sealed borehole wall situation all lie along the zero line (note: no
intrinsic attenuation is included in these figures). The attenuation due to Biot fluid flow
within the permeable formation is, therefore, negligible compared to the attenuation
due to the coupling of the Stoneley wave energy from the borehole fluid to the pore
fluid through pressure communication at the borehole wall. The attenuation increases
dramatically at low frequency for a given permeability. Note that the attenuation
behavior is analogous to that found for the case of a viscoelastic borehole fluid in
Chapter 3.
These first two figures indicate that the Stoneley or tube wave phase velocity and
attenuation exhibit some sensitivity to permeability variations as predicted by the Biot-
Rosenbaum model. These figures, however, had porosity and permeability varying
simultaneously. In order to separate the effects of the permeability, the Stoneley wave,
velocity and attenuation curves are generated as functions of permeability for a fast
formation with a porosity of 15' in Figures 6.3 and 6.4.
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The Stoneley wave phase velocity (Figure 6.3) decreases with increasing perme-
ability, although the effects are most pronounced at low frequency (1kHz) and high
permeability (> 100md). The slight increase in the velocity at high permeabilities for
the 5kHz case is related to the transition between the high and low frequency ranges
in the Biot model (Biot, 1956a,b). The Stoneley wave attenuation (Q-') (Figure 6.4)
increases dramatically with increasing permeability, and, again, the effects are greatest
at low frequency. In general, the model predicts a decrease in the phase velocity and
an increase in the attenuation of the Stoneley wave with increasing permeability. The
attenuation is much more sensitive to permeability changes than the phase velocity.
In all results thus far, no intrinsic attenuation (body wave Q- 1 values) has been
included. In Figures 6.5 and 6.6, the Stoneley wave attenuation as a function of fre-
quency is plotted with the effects of intrinsic and fluid flow attenuation separated. In
Figure 6.5, the permeability is 100 md while in Figure 6.6, the permeability is 1000
md. In the 1000 md case the permeability related Stoneley wave attenuation is the
dominant loss factor at frequencies less than about 5kHz. At the lower permeability
value, the fluid flow losses dominate only at very low frequency ( 500Hz). The effect of
intrinsic attenuation is to add an almost constant shift to the fluid coupling losses. The
frequency invariant intrinsic attenuation curve is primarily due to the fluid Q effect as
was seen in chapter 4. In a slow formation the formation shear wave Q value plays a
more important role.
The dispersion and attenuation predicted by the Biot-Rosenbaum model suggests
that the Stoneley wave attenuation, and to.a lesser extent phase velocity, may be sensi-
tive to permeability variations. Published data presented by Williams et al. (1984) and
Zemanek et al. (1985) show excellent correlation between core measured permeability
and the Stoneley wave travel time (slowness) and energy ratio (between two receivers).
In the next section, the Biot-Rosenbaum model will be applied to some of the published
data to see if the model can explain the measured variations.
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Applications to Field Data
Williams et al. (1984) presented data from three boreholes which compared the Stone-
ley wave velocity and attenuation to smoothed core permeability measurements. All
available geophysical measurements and core data from these boreholes have been made
available for analysis. It should be emphasized that core permeability measurements
can vary from actual in-situ values (as measured by a packer test, for example) by as
much as two orders of magnitude (Brace, 1977). Inadequate sampling, damaged cores,
and the presence of highly permeable fractures in the formation all contribute to such
variations. The results presented here should be viewed in this light.
Two data sets will be examined in this chapter. The first is from a borehole that
penetrated a limestone-dolomite lithologic section, and the second is from a borehole
that penetrated a very highly permeable sandstone unit in a sand-shale sequence. These
data sets are the same as those used in Chapter 5. In both of these data sets, informa-
tion on several necessary model parameters was not available. These parameters had
to be estimated in order to generate theoretical results, and the methods used to make
such estimates will be explicitly addressed when appropriate.
The first data set corresponds to the limestone-dolomite lithology. The data set for
this example consists of: the full waveform acoustic log, the shear wave acoustic log.(
density log, caliper log (borehole radius measurement), and core measured porosity an(l
permeability values at one foot increments in depth. Plots of the Stoneley wave travel
time and energy ratio together with permeability values as published by Williams et
al. (1984) were given in Chapter 5 (Figure 5.22). The travel time curve represcuts th,,
moveout of the Stoneley wave between the two receivers, the energy ratio represents
the ratio of the RMS energy in the first cycle of the Stoneley wave at each receiver.
and the permeability curve is a five foot running average of the core measured vallue
(based on the five foot receiver separation). For the purposes of comparing the Bit-
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Rosenbaum model to the Stoneley wave data, however, these curves are inadequate.
In Figure 6.7 the core measured permeability data (with a five foot running average
applied) is plotted against the peak frequency amplitude ratio and phase velocity of
the Stoneley wave for this data set. The peak frequency of the Stoneley wave in this
example is between 5500 and 6000 Hz. The amplitude ratio is simply the spectral ratio
of the near and far recievers, and the measured phase velocity is obtained from phase
spectrum differences (Aki and Richards, 1980). The phase unwrapping algorithm used
is identical to that used by Willis (1983). The correlation between these measured
values and the measured permeability data is excellent (the Stoneley wave curves have
been shifted by + 3.05 m (10 feet) in depth relative to the core data to give the best
correlation).
In order to test the applicability of the model to actual field data, the predicted
phase velocity and amplitude ratios can be compared to the measured values. A number
of parameters which are needed by the model, however, are unavailable for this first data
set. These parameters are: the borehole fluid velocity, the pore fluid velocity, density.
and viscosity, the bulk modulus of the matrix material, and the fluid and formation
Q values. Each of these parameters have been estimated based on given information.
The pore fluid present in the porous zones of the dolomite section is reported to consist
of a mixture of oil and water. However, it is most likely that the pore fluid near the
borehole wall consists of the borehole fluid filtrate. The borehole fluid, which is at
pressures slightly greater than the pore fluid pressure, invades the formation leaving
its solid particles on the borehole wall as a mudcake layer. The pore fluid velocity
and density, then, should be related to the borehole fluid properties. In this borehole,
the borehole fluid density is given as 1.2 gm/cc, and the velocity is estimated to be
1525 m/sec (5000 ft/sec) (the velocity estimate is based on comparisons between the
measured and predicted Stoneley wave velocities in the non-permeable zone). DBaed
on these values, the pore fluid velocity is estimated to be 1490 m/sec and the density
is set at 1.0 gm/cc. The viscosity of the pore fluid is estimated to be 0.1 cP, which is
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the approximate viscosity of water at the reported bottom hole temperature of 132 0C
(2700F). The bulk modulus of the matrix material is assumed to be equal to the value
for calcium carbonate (77.9 GPa). The fluid and formation Q value estimates are based
on the results of the attenuation inversion of Chapter 5. Inversion of the Stoneley and
pseudo-Rayleigh wave spectral ratios in the non-permeable zones of the section resulted
in a fluid Q value of about 40 and a formation shear wave Q value of about 70. The
formation compressional wave Q value, which has a negligible effect on the Stoneley
wave attenuation, is set at 100 for the calculations.
The model results over the depth range of 5150 - 5300 feet (1570 - 1616 m) are
compared to the measured phase velocity and amplitude ratio values in Figure 6.8. The
model amplitude ratio predictions are in reasonably good agreement with the data, both
qualitatively and quantitatively. The predicted phase velocity values, however, show
almost no variation with permeability variations, while the measured phase velocities
are quite sensitive to these variations.
The forward modelling results for this limestone-dolomite data set indicate that the
Biot-Rosenbaum model can explain the Stoneley wave amplitude variations very well,
but does not adequately model the velocity variations. The model results, however, are
also very dependent on a number of poorly constrained parameters. In light of these
observations, it may be possible to use the Biot- Rosenbaum model to predict absolute
permeability values using the Stoneley wave amplitude information. The Stonelev
wave velocity information, on the other hand, may provide a simple measure of the
relative changes in permeability. One way to take advantage of this is to correct the
measured phase velocity values for elastic property variations. Velocity measurements
are more accurate than the amplitude measurements, and corrections for changes in
the formation properties and borehole radius are relatively easy to obtain. With this
in mind, predicted elastic Stoneley wave phase velocity values have been calculated for
the limestone-dolomite data set by using the period equation derived in Chapter 2 and
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all available velocity, density, and borehole information. Figure 6.9 is a plot of the
difference between the measured and predicted elastic phase velocities versus the core
measured permeability. The plot uses the travel time difference (slowness) which will
be referred to as the AAT value. The agreement between the core permeability values
and the AAT values is very good. Although the differences in travel time for these
low permeability values is fairly small, the variations appear to be a good indicator of
the relative permeability changes. Further discussion of this measure will treated in a
moment.
The second data set to be treated is from the shallow sand-shale sequence. A
sand unit was penetrated in the depth interval of 2000 - 2100 feet (610 - 640 m) from
which core permeability measurements have been obtained. The permeability values
in this unit range between 0 and 3000 md. The data set for this example consists
of: the full waveform acoustic log data, shear wave acoustic log data, electric logs,
and core measured permeability values. Figure 6.10 shows the Stoneley wave peak
frequency (2500-3500 Hz) amplitude ratios and phase velocity values measured from
the full waveform acoustic logs plotted against the core permeability values (five foot
running average) for this data set. No depth shift has been performed in this figure
since the core values had already been corrected to the full waveform log depths. As
in the previous example, the agreement between the Stoneley wave measurements and
the permeability variations is very good. In order to generate model predictions, a
number of parameters must be estimated. In addition to the pore fluid and borehole
fluid properties, the matrix bulk modulus, and the fluid and formation Q values, the
porosity and borehole radius values must also be estimated. The borehole was drilled
with a 0.13 m (5") diameter drill bit, however, the low formation velocities and high
permeability values suggest that the radius may be quite variable due to washouts
in the borehole wall. In order to get reasonable agreement between the meaure !
amplitude ratio data and the model calculations a horehole diameter of 0.152 mn (6")
has been assumed (0.076 m (3") radius). The borehole fluid is reported to consist ,f
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water only, although it is likely that the fluid contains some suspended clay and silt
from the soft shales encountered during the drilling process. The fluid velocity and
density are assumed to be 1475 m/sec and 1.05gm/cc respectively. The pore fluid is
assumed to be identical to the borehole fluid. The pore fluid viscocity is set at 1.0
cP (water at 200C). The sandstone porosity is set at 35% based on rough estimates
from the time average equation. The density is assumed to be 2.16 gm/cc. The sand
is assumed to be entireley quartz in composition with a grain density of 2.65 gm/cc
and a bulk modulus of 37.9 GPa. The fluid and formation shear wave Q values are set
at 200 and 50 respectively, based on the inversion results of Chapter 5. The formation
Qp is assumed to be 100.
The calculated Stoneley wave amplitude ratio and phase velocity values are com-
pared to the measured data in Figure 6.11. As in the previous example, the amplitude
ratio predictions and measured values are in good agreement both qualitatively and
quantitatively, while the predicted phase velocity values, in contrast to the measured
values, are very insensitive to permeability variations. In order to get the agreement
shown in this figure, the acoustic coupling parameter (n) has also been adjusted. As was
mentioned in the model discussion section, the Rosenbaum model includes an acoustic
coupling parameter which allows the amount of pressure communication between the
borehole and pore fluid systems to be adjusted to account for possible mudcake effects.
In the first data set example, K was set equal to zero (0) representing complete com-
munication. In this example, however, the predicted amplitude ratio values were much
lower than the measured values with n set equal to 0 (e.g. - measured values of about
0.55 compared to predicted values of 0.15 to 0.25). The predicted values could not be
sufficiently increased by adjusting the other model parameters (such as viscosity, poros-
ity, velocity, or Q values) within reasonable limits. The values shown in Figure 6.11
were generated with a h value of 20. Since K is an impedence factor which relates th,
fluid flow velocity across the bot'hole wall to the acoustic pressure difference between
the two fluids, as K increases frorm 0 the borehole fluid pressure coupling to the pore
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fluid is damped out. This coupling reduction forces the relative displacement between
the formation matrix and pore fluid towards zero at the borehole wall as K gets large,
resulting in reduced attenuation due to viscous losses. It is difficult to relate a K value
of 20 to any physical parameter, but it is reasonable to assume that a mudcake may
have built up on the borehole wall adajent to these highly permeable sandstones. No
mudcake factor was needed in the limestone-dolomite example because the clay content
of the borehole fluid may have been much less, and the low permeability values in that
section would result in the formation of a much thinner mudcake.
The AAT curve for the sandstone example is shown in Figure 6.12. The values
are much larger than in the limestone example reflecting the much higher permeability
values. The correlation between this curve and the permeability values is again very
good supporting its use as a relative permeability indicator. It is also interesting to note
that the AAT values for this example vary from 5 to 20 microseconds for a permeability
range of roughly 10 to 2000 md. Comparison of these values with those obtained for the
limestone example indicates that the values are approximately the same for zones of
similar permeability ( values of 4 microseconds for permeability values of about 10md).
Although this may be coincidental, perhaps this measure will allow comparisons of
data from different boreholes to be made. Figure 6.13 shows a plot of the AAT values
versus permeability for both data sets which supports this possibility. Although mor0
data points are needed to define a true linear trend, the data from these two boreholes
indicate that such a trend may exist.
The results obtained for the two field data examples used in this section indicate
that the Biot-Rosenbaum model can explain the measured Stoneley wave attenuatio
with a selection of reasonable input parameters, however the model has difficulty in
explaining the measured phase velocity variations. It appears that the attenuatio()
mechanism modelled by Biot theory adequately represents the physics of the problem.
but something is missing in the description of the Stoneley wave dispersion in porous
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media. The most likely problem is the presence and behavior of a mudcake layer along
the borehole wall. The Stoneley wave is very sensitive to layer properties adjacent to
the borehole wall (see Chapter 4), and the presence of a very low velocity, low density
mudcake may be affecting the measured Stoneley wave velocity. It is also possible that
the pressure coupling behavior of a mudcake region is not adequately represented by
the K term in the Rosenbaum formulation. Further work on the modelling of a mudcake
layer is necessary to answer these questions and explain the measured Stoneley wave
phase velocity variations.
Inverse Problem
Formulation
The forward modelling results of the previous section indicate that the Biot- Rosen-
baum model predictions of the Stoneley wave amplitude ratios are in good agreement
with measured data in permeable formations. There are several shortcomings of the
model, however. First, the predicted phase velocity variations show much less sensi-
tivity to permeability variations than the data and, second, the model requires knowl-
edge about a number of parameters which are often not well constrained. In spite of
these short comings, however, the model provides a very promising means of estimat-
ing in-situ permeability variations. In this section an inverse problem based on the
Biot-Rosenbaum model is formulated to see how well the model can predict in-situ
permeability variations from Stoneley wave amplitude variations. The problem is for-
mulated as a linearized damped least squares problem. Modifications of this model to
correctly account for mudcake effects are currently being developed. Such modificatiou
will help to explain the phase velocity variations seen in the data, and should result in
better agreement between the predicted and measured Stoneley wave behavior. The
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development of this inverse method, in addition to providing estimates of permeabil-
ity from the existing model, provides a framework for monitoring the utility of model
modifications to the permeability estimation problem.
Although the permeability parameter is of primary interest, several other parame-
ters which affect the Stoneley wave attenuation also must be estimated. Specifically,
the formation shear wave Q value, the fluid Q value, and the pore fluid compressibil-
ity will all affect the measured attenuation. The parameters that will be estimated,
therefore, will be: the formation permeability, the formation shear wave Q value, and
the pore fluid density (pore flnid velocity is held constant). All other parameters are
assumed to be known. Certainly the inverse problem can be set up to estimate all other
parameters in the model, but most of the other parameters (such as porosity, matrix
parameters, formation velocities and density) are usually fairly well constrained by
other borehole measurements. Borehole fluid velocity and density are very important
parameters in the model, but they are not estimated in the inverse problem because
the values must remain constant throughout the borehole, and the values can be es-
timated from drilling information or simple forward modelling of Stoneley velocities
in non-permeable sections. The fluid Q value is also very important, but it must also
remain constant and its value can be estimated by the inversion procedure of Chapter
5 in the non-permeable zones of the borehole. The pore fluid viscosity is assumed to be
known as well. Since the model only treats the fluid mobility (ratio of permeability and
viscosity), the viscosity cannot be estimated along with the permeability. The viscosity
is usually chosen to correspond to water viscosity at the temperature of the depth of
interest. The pore fluid velocity is also treated as a known.
Using a Taylor Series expansion of the model response to the parameters of interest
and neglecting second and higher order terms, the inverse problem takes the form:
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GAx = Ab
where:
G = Jacobian of the model response with respect to parameters
Ax = vector containing changes in model parameters
Ab = vector containing changes in data
For the permeability estimation problem, the parameter vector is given by:
AxT = [A10/Q Aloglok Appy/Pb
where:
k = permeability in millidarcies
ppf = pore fluid density (gm/cc)
Pbf = borehole fluid density (gm/cc)
(6.1)
(6.2)
The variations in scaling of each parameter ensures that all values are of the same
order. The data vector is given in general by:
AbT = [cs(f;)/ .... 4 ,(f ) ... p R(f)...] (6.3)
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where:
cst(f;) = Stoneley wave phase velocity (freq: i=l,n)
Ast(f;) = Stoneley wave spectral ratios (freq: i=l,n)
AR(f,) = pseudo-Rayleigh spectral ratios (freq: j=l,m)
vf = borehole fluid velocity
The pseudo-Rayleigh wave amplitude ratios can be included to help constrain the
formation Qg value, although it should be kept in mind that these values are quite
susceptible to noise near the cutoff frequency. Stoneley wave phase velocity data will
be used in a synthetic example, but will not be used in any real data applications.
Because the problem is non-linear, a number of iterations are necessary to achieve
convergence. Equation 6.1 is solved by a damped least squares method (IMSL routine
ZXSSQ) which is similar to the method used in Chapter 5. In this method, the Jacobian
is calculated via forward differences and the damping factor is adjusted at each iteration
to maintain convergence. In order to help constrain the estimation procedure, penalty
functions are defined for the formation QO and pore fluid density parameters (none is
imposed on the permeability parameter). The penalty function for Qg takes the form:
cqs = max [0, I1/Qs - 1/qspnltyl ] (6.4)
where qspnlty is an input value corresponding to the minimum QO value allowed.
The pore fluid density penalty functions are:
cpf1 = maxZ[0. (pf - prnax) (6.5)
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Cpf, = maz[0, (Pmin - Ppf )
where:
Pmin = minimum pore fluid density
Pma = maximum pore fluid density
These functions can be used to force the procedure to use permeability variations as
the primary means of matching the model response to the data. The penalty functions
also insure that the parameter values do not vary too far from what are considered
reasonable values.
The model used in the inverse problem consists of the Biot-Rosenbaum period
equation which is solved for Stoneley wave roots at the frequencies of interest. Measured
amplitude ratio values are then subtracted from the calculated values to define the
errors. The starting model is input and should be fairly close to the actual solution to
obtain convergence.
Resolution and covariance matrices are calculated as in Equations 5.17, 5.18, and
5.19, where e2 represents the damping factor for the final iteration.
Results and Discussion
Synthetic Example
The inversion routine is first tested on synthetic acoustic log data. Figure 6.14 shoiw
two synthetic traces (at offsets of 4.25m and 5.25m) generated by the discrete wavennim-
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ber summation method for a simple open borehole surrounded by a Biot porous for-
mation. The porosity and permeability for this example are 19% and 1000 md. The
pore fluid and borehole fluid are modelled as water with veloicity of 1500m/sec and
density of 1.0gm/cc. The synthetics were generated with the fluid and formation Q
values set at 10000. Measured Stoneley wave phase velocity and spectral ratios and
pseudo-Rayleigh wave spectral ratios were used as input data for the inversion. Using
a starting model of: log k (md) = 2.0, and pore fluid density (normalized) = 0.8 (Q,
was not used in the inversion due to to its extremely high value), the final results for
this example are:
log k = 2.97 + -0.014 (6.6)
ppf = 0.94 + -0.05
No constraints on the pore fluid density were imposed on this example. Convergence
was attained in 11 iterations. A convenient measure of the ability of the model to fit the
data is the residual energy reduction factor (RER) which is calculated by (Beydoun,
1985):
RER= 100 1 -4
where:
E = sum of squared errors at a given iteration
Eo = sum of squared errors at the starting model
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In this synthetic example, the RER at the final solution is 99.9. The resolution
and covariance matrices are given in Figure 6.15. The permeabilty parameter is well
resolved.
The inversion results for the synthetic data indicate that the problem is well resolved
in the parameter of interest, namely permeability. However, the data were generated
using the Biot model on which the inversion procedure is based, and the data were also
noise free so the success of this application is not too surprising. Next, the routine is
applied to actual field data. The two data sets used in the forward modelling section
will be inverted.
Field Data Examples
The first example corresponds to the limestone-dolomite data set. The input data at
each depth consists of Stoneley wave spectral ratio values at a number of frequencies.
The pseudo-Rayleigh wave spectral ratios are not included as input data because of the
noise contamination as seen in Chapter 5. Without the pseudo-Rayleigh wave data,
the formation Q, estimates will be poorly resolved since the Stoneley wave attenuation
is insensitive to this parameter in fast formations like this limestone section. The
inversion is carried out for the three parameters of interest (permeability, Q3, and pore
fluid density). The minimum Q3 value constraint is set at 70 based on the results of
the estimates obtained in Chapter 5. The density of the pore fluid, which is assumed
to be water, is constrained to lie between 0.8 and 1.2 times the borehole fluid density.
The pore fluid viscosity is set at 0.1 cP and the acoustic pressure impedence factor
(ic) is set equal to zero. All other parameters are given in Table 6.2. The inversion
results are given in Table 6.3, and the permeability estimates are plotted against the
smoothed measured values in Figure 6.16. The predicted values are in very good
agreement with the measured values in this example. Although the estimated values
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do not fully reflect the permeability variations in the interval, the absolute values and
general structure of the permeability changes is well represented. The permeability
parameter is well resolved for a number of depths (Figure 6.16) in this example while
the Qg parameter resolution is very poor, as is the pore fluid density value. Figure
6.17 shows the resolution and covariance matrices for one run, and Figure 6.18 shows
the iterative results.
The second field data example to be treated is the sandstone example. The model
parameters used in this correspond to the parameters used in the forward modelling and
are given in Table 6.2. In this case the acoustic impedence factor (Kt) is set at twenty
(20) as discussed in the forward modelling section. The Q, estimates are constrained to
be greater than 50 and the pore fluid density, as in the last example, is constrained to
lie between 0.8 and 1.2 of the borehole fluid value. The resulting parameter estimates
are given in Table 6.4, and the permeability estimates are plotted against the smoothed
measured values in Figure 6.19. The estimated permeability values are again in very
good agreement with the measured values. The general variations are well represented.
although the inversion results tend to underestimate the permeability by between a
factor of 2 to as much as a factor of 10. The estimates are particularly low for the
zone between 2050 and 2100 feet in depth. The porosity, borehole radius, and pore
fluid characteristics were assumed to be constant for the entire depth range in this
example (except for the depths of 2035 and 2040 feet which coincide with a more shaly
zone). It is certainly possible that some or all of these parameters are different in this
lower sand unit (2050'- 2100'), which may explain the low estimates. Figure 6.20 gives
the resolution and covariance matrices for a single depth, and Figure 6.21 shows the
iterative results for this run. The permeability parameter resolution is quite good in
several of the runs, while the other two parameters are poorly resolved.
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Conclusions
The results of this chapter indicate that the Stoneley wave phase velocity and attenu-
ation provide a very promising means of estimating in-situ permeability variations. By
taking the difference between the measured and predicted elastic slownesses, a good
relative permeability measure (AAT) is obtained. The Biot-Rosenbaum model can
explain some of the measured Stoneley wave variations in permeable formations. The
model is in good agreement with the data for Stoneley wave attenuation variations, but
does not adequately reflect the Stoneley wave phase velocity variations that are seen in
the data. The presence of a mudcake layer which inhibits the pressure communication
between the borehole and pore fluid systems can explain some of the discrepencies which
are seen between the model and the data, but further work is needed to understand the
mudcake effect more fully. An inverse problem, based on the Biot-Rosenbaum model,
provided estimates of the in-situ permeability from measured Stoneley wave spectral
ratios. The predicted permeability variations obtained from this inversion are in very
good agreement with the measured values in the two field data sets studied.
256
Figure Vp Vs Pmatrix k Qp Qs Qf Vbfluid Pbfluid 7
(m/se) (m/sec) (g/cm) % (md) (m/sec) (g/cma ) (cP)
1 and 2 3800 2200 2.65 5,15,25 10, 102 , 103 00 00 00 1500 1.0 1.0
3 and 4 3800 2200 2.65 15 . c o 00 1500 1.0 1.0
5 3800 2200 2.65 15 100 100 50 20 1500 1.0 1.0
6 3800 2200 2.65 25 1000 100 50 20 1500 1.0 1.0
Table 6.1
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DEPTH Vp V, Pmatrix Qp Qf Vbfluid Pbfluid 77
(m/sec) (m/sec) (g/cm3) (m/sec) (g/cm') (cP)
Limestone:
5165 6100 3430 2.71 0.03 100 40 1525 1.2 0.1
5170 5550 3600 2.71 0.08 100 40 1525 1.2 0.1
5180 5400 3430 2.71 0.10 100 40 1525 1.2 0.1
5200 5290 3570 2.71 0.05 100 40 1525 1.2 0.1
5210 5190 3470 2.71 0.05 100 40 1525 1.2 0.1
5213 5190 3420 2.71 0.15 100 40 1525 1.2 0.1
5225 5050 3260 2.71 0.15 100 40 1525 1.2 0.1
5230 5050 3360 2.71 0.14 100 40 1525 1.2 0.1
5239 5600 3360 2.71 0.09 100 40 1525 1.2 0.1
5250 6100 3460 2.71 0.09 100 40 1525 1.2 0.1
5275 6100 3560 2.71 0.02 100 40 1525 1.2 0.1
5290 5600 3460 2.71 0.13 100 40 1525 1.2 0.1
Sandstone:
2000 3200 2000 2.65 0.35 100 200 1475 1.05 1.0
2010 3200 1935 2.65 0.35 100 200 1475 1.05 1.0
2020 3240 1850 2.65 0.35 100 200 1475 1.05 1.0
0235 3450 1725 2.65 0.35 100 200 1475 1.05 1.0
2040 3520 1765 2.65 0.35 100 200 1475 1.05 1.0
2050 3200 1775 2.65 0.35 100 200 1475 1.05 1.0
2070 3420 1935 2.65 0.35 100 200 1475 1.05 1.0
2090 3330 1850 2.65 0.35 100 200 1475 1.05 1.0
Table 6.2
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Depth
5165
5170
5180
5200
5213
5225
5230
5239
5250
5275
5290
log k (md)
0.238
1.336
1.176
1.965
0.888
1.087
1.172
0.939
0.837
-1.12
0.963
Table 6.3
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Depth
2000
2010
2020
2035
2040
2050
2070
2090
log k (md)
2.42
2.35
2.59
1.59
2.15
1.75
2.18
2.16
Table 6.4
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Figure 6.1: Stoneley wave phase velocity dispersion for three different formations for
open and sealed borehole wall cases. (A) 5 % porosity and 10 md permeability.
(B) 15% porosity and 100 md permeability, and (C) 25% porosity and 1000 1(d
permeability.
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Figure 6.2: Stoneley wave attenuation (Q-' f(,r three different formations for open and
sealed borehole wall cases. (A) 5% porosity and 10 md permeability, (B) 15
porosity and 100 md pfrmeability, and (C) 25% porosity and 1000 md permle-
ability. The sealed borehole curves fall along the zero line.
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Figure 6.3: Stoneley wave phase velocity as a function of permeability for a formation
with 15% porosity.
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Figure 6.4: Stoneley wave attenuation as a function of permeability for a formation with
15% porosity.
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Figure 6.5: Stoneley wave attenuation versus frequency for a formation with 15% porur-
ity and 100 md permeability. Intrinsic Q values are: Qp = 100, Q, = 50, and Q 1
= 20. Total attenuation is the sum of intrinsic attenuation and attenuation due
to fluid flow.
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Figure 6.6: Stoneley wave attenuation versus frequency for a formation with 25% poros-
ity and 1000 md permeability. Intrinsic Q values are: Q, = 100, Q, = 50, and
Qf = 20. Total attenuation is the sum of intrinsic attenuation and attenuation
due to fluid flow.
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Figure 6.7: Measlred Stoneley wave phase velocity and amplitude ratio (peak frequenc'. )
plotted against core measuired1 permeability (smoothed) for the limestone exam.-
ple.i .
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Figure 6.8: .Measured Stoneley wave phase v4ob)rcity and amplitude ratio (peak frequpei.y)
plotted against predicted values from the Biot-Rosenbaum model for the liiti,'-
stone example.
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Figure 6.9: Comparison of the difference between the measured slowness and the pre-
dicted elastic slowuess (AAT) and the core measured permeability values for the
limestone example.
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Figure 6.10: Measured Stoneley wave phase velocity and amplitude ratio (peak fre-
quency) plotted against core measured permeability (smoothed) for the sand/shale
example.
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Figure 6.11: Measured St.,rolpy wave phazo velocity -nd nmnlitivtp rntio (pea! f-
quency) plotted ag:inI predicted values from the Bit-Rosnbanm m,,l f,,r
the sand/shale example.
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Figure 6.12: Comparison of the difference bptween the measured slowness and the pre-
dicted elastic slowness (AAT) and the core measured permeability values for the
sand/shale example.
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Figure 6.13: Plot of the difference between the measured slowness and the predicted
elastic slowness (AAT) against the core measured permeability values for hoth
the limestone/dolomite and sand/shale examples.
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Figure 6,14: Synthetic full waveform acoustic logs generated for a Biot Porous formatin'n
The offsets are 4.25 and 5.25 m. The borehole radius is 0.07m and the source is
a 6.5kHz Ricker wavelet.
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+ ++.++.+.+.+.++++++++++++ +.
eps2= 1.17749e-04
+++++++++e++++++++++++++*+**++
***ata***
2.42642 -0.605912
-0.605912 0.162037
***atad inverse***
6.22260 23.2685
23.2685 93.1802
*** resolution matrix ***
1.00 -.00 0.
-. 00 0.99 0.
*** information density ma
0.05 0.06 0.06 0.06 0.06 0.
0.00 0.02 0.04 0.06 0.08
0.06 0.06 0.06 0.06 0.06 0.
0.00 0.02 0.04 0.06 0.08
0.06 0.06 0.06 0.06 0.07 0.
0.00 0.02 0.04 0.06 0.08
0.06 0.06 0.06 0.07 0.07 0.
0.00 0.02 0.04 0.06 0.08
0.06 0.06 0.07 0.07 0.07 0.
0.00 0.02 0.04 0.06 0.08
0.06 6.06 0.07 0.07 0.07 0.
0.00 0.2 0.04 0.06 0.08
0.06 0.07 0.07 0.07 0.07 0.
-. 00 0.02 0.04 0.06 0.08
0.06 0.07 0.07 0.07 0.07 0.
-. 00 0.02 0.04 0.06 0.08
0.07 0.07 0.07 0.07 0.07 0.
-. 00 0.02 0.04 0.06 0.08
0.07 0.07 0.07 0.07 0.07 0.
-. 00 0.02 0.04 0.06 0.09
-. 05 -. 05 -. 05 -. 06 -. 06 -
0.10 0.08 0.07 0.05 0.03
-. 04 -. 04 -. 05 -.05 -. 05 -.
0.10 0.09 0.07 0.06 0.04
-. 03 -. 04 -. 04 -.04 -. 04 -.
0.10 0.09 0.08 0.06 0.05
-. 02 -. 02 -. 03 -.03 -. 03 -.
0.10 0.09 0.09 0.08 0.06
-. 01 -. 01 -. 01 -. 01 -.01 -.
0.10 0.10 0.09 0.09 0.08
0.00 0.00 0.00 0.00 0.00 0.
0.10 0.10 0.10 0.10 0.10
0.02 0.02 0.02 0.02 0.02 0.
0.10 0.11 0.11 0.12 0.12
0.04 0.04 0.04 0.04 0.04 0.
0.10 0.11 0.12 0.13 0.14
0.06 0.06 0.06 0.06 0.06 0.
0.10 0.12 0.13 0.15 0.17
0.08 0.08 0.08 0.08 0.08 0.
0.10 0.12 0.14 0.17 0.19
*** covariance matrix ***
1.98704e-04 7.42476e-04
7.42476e-04 2.97344e-03
trix ***
06 0.06 0.06 0.07 0.07 -.05 -.04 -.03 -.02 -.01
06
07
07
07
07
07
07
08
08
06
05
04
03
02
00
02
04
06
08
0.07
0.07
0.07
0.07
0.07
0.07
0.08
0.08
0.08
- 06
-. 05
-. 04
-.03
- .02
-. 000.020.04
0.06
0.08
0.07
0.07
0.07
0.07
0.07
0.08
0.08
0.08
0.08
-. 06
-.06
-. 04
-.03
-.02
-.00
0.02
0.04
0.06
0.08
0.07
0.07
0.07
0.07
0.08
0.08
0.08
0.08
0.08
-. 06
-. 06
-. 05
-. 03
-. 02
-.00
0.02
0.04
0.06
0.08
0.07
0.07
0.07
0.07
0.08
0.08
0.08
0.08
0.08
-.07
-.06
-.05
-. 03
- .02
-.00
0.02
0.04
0.06
0.09
-. 05
-. 05
-. 06
-. 06
-. 06
-. 06
-. 06
-. 06
-.07
0.15
0.14
0.13
0.12
0.11
0.10
0.08
0.07
0.05
0.03
-. 04
-. 05
-. 05
-. 05
-. 05
-.05
-. 06
-.06
-. 06
0.14
0.14
0.13
0.12
0.11
0.10
0.09
0.07
0.04
0.84
-. 04
-. 04
-. 04
-.04
-. 04
-. 04
-. 04
-.05
-. 05
0.13
0.13
0.13
0.12
0.11
0.10
0.09
0.08
0.06
0.05
-. 02
-. 03
-.03
-. 03
-. 03
-.03
-. 03
-.03
-. 03
0.12
0.12
0.12
0.11
0.11
0.10
0.09
0.09
0.08
0.06
- .01
- .01
- .01
- .01
-.02
-. 02
-.02
-.02
-.02
0.11
0.11
0.11
0.11
0.11
0.10
0.10
0.09
0.09
0.08
******** OUTPUT ********
---- final parameter values-----
x(1) --- > 2.97120 +- 1.40962e-02
x(2) --- > 0.941558 +- 5.45293e-02
.............. data variance = 3.22870e-05
- reduced parameter values and stnd deviations -
k = 935.836 range: ( 905.949 966.710
rho pf - 0.941558 ranges ( 0.887029 0.996087
Figure 6.15: Resolution and covariance matrices for the inversion results of the synthetic
example.
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Figure 6.16: Inversion results for the limestone example. The circles are the predicted
permeability results. The open circles represent results with fair to poor re;olil-
tion (< 0.5), filled circles represent results with g,,od resolution (> 0.75), asterilks
indicate convergence not attained.
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+..+++++++++++++++++++++++++
eps2* 7.4804ge-04
++++++++++++++++++++++++++++++++
***ata***
1.77892e-02 9.37121e-02 -3.84805e-02
9.37121e-02 0.516714 -0.211869
-3.84895e-02 -0.211869 8.77467e-02
***atad inverse***
1280.70 -198.838 81.5376
-198.838 225.168 456.481
81.5376 456.481 1149.35
*** resolution matrix ***
0.04 0.15 -. 06
0.15 0.83 -.34
-.06 -.34 0.14
*** information density matrix ***
0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10
0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10
0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 9.10
0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10
0.10 9.10 0.10 0.10 9.10 0.10 0.10 0.10 0.10
0.10 0.10 0.10 0.10 0.10 0.19 0.10 0.10 0.10
0.10 0.10 0.10 0.10 0.19 0.10 0.10 0.10 0.10
0.10 0.10 0.10 9.10 0.10 0.10 0.10 0.10 0.10
0.10 0.10 0.10 0.10 9.10 9.10 0.10 0.10 0.10
0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10
*** covarfance matrix ***
1.56691e-92 -2.20015e-03
-2.20060e-03 1.46383e-03
9.92867e-04 -6.04085e-04
******** OUTPUT ********
---- final
x{1) --- >
x(2) --- >
x(3) --- >
9.92326e-04
-6.84004e-04
2.80114e-04
parameter values-----
0.125076 +- 0.125176
1.17216 +- 3.82601e-02
0.799998 +- 1.67366e-02
.............. data variance
- reduced parameter values
qs = 79.9514 range:
k = 14.8648 range:
rho pf = 0.799998 ran
8.15493e-04
and stnd deviations -
( -99627.2 39.9597
13.6113 16.2338 )
ge: ( 0.783261 0.816735
Figure 6.17: Resolution and covariance matrices for the inversion results of the limestone
example at depth 5230.
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0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.11
Inittal ssq --- 3.02640e-0
---- > Iteration * 1
XM(1-mm)- 0.128327
SSQ = 1.93615e-02
---- > Iteration # 2
XM(1-mm)= 0.126790
SSQ = 6.87103e-03
---- > iteration # 3
XM(1-mm)= 0.125640
SSQ = 5.75449e-03
---- > iteration # 4
XM(1-mm)- 0.125127
SSQ = 5.70862e-03
---- > iteration * 5
XM(1-mm)= 8.125081
SSQ = 5.70846e-03
---- > iteration * 6
XM(1-mm)= 0.125076
SSQ = 5.70846e-03
1.13585
LVBMQT
1.14798
LVBMQT
1.16713
LVBMQT
0.683492
a 0.32000 2IGTdlI 0.189940
0.766649
M 0.191498 21GTdl- 0.227332
0.793427
I 4.78746e-02
1.17184 0.799623
LVBMQT - 1.19686e-02
1.17213 0.799999
LVBMQT = 2.99216e-03
1.17216 0.799998
LVBMQT = 7.48040e-04
21GTdlu 6.28413e-02
21GTdl 1.24016e-02
2IGTdli 7.21542e-04
21GTdl- 3.22912e-05
Figure 6.18: Iterative solutions for the limestone example at a depth of 5230.
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0 1 J I I I
1980 2000 2020 2040 2060 2080 2108
DEPTH
Figure 6.19: Inversion results for the sand/shale example. The circles are the preiicr ,!
permeability results. The open circles represent results with fair to poor reo,,l-
tion (< 0.5), filled circles represent results with good resolution (> 0.65).
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.+..+.+++++++++++++++++++++++++
eps2- 1.25000e-03
++++++++++++++++.+++++++++++++++
***ata***
0.429237 0.300713 -0.
0.300713 0.223436 -0.
-0.180323 -0.139529 7
***atad inverse***
65.8284 -11.4413 1
-11.4413 153.703 2
132.071 229.087 6
*** resolution matrix
0.92 0.01 -. 17
0.01 0.81 -.29
-. 17 -.29 0.13
*** Information densit
0.32
0.27
0.22
0.17
0.12
0.07
0.02
-. 02
-. 07
-.11
0.27
0.23
0.19
0.15
0.11
0.08
0.04
0.01
-.03
-.06
0.22
0.19
0.16
0.13
0.11
0.08
0.06
0.04
0.01
-. 01
0.17
0.15
0.13
0.12
0.10
0.09
0.08
0.06
0.05
0.049.899
9.898
9.996
0.995
9.994
*** covariance matr
0.206589 -0.247839
-0.247839 0.313868
180323
139529
.85711e-02
32.071
29.087
96.411
***
V m
0.12 0
0.11 0
0.11 0
0.10 0
0.10 0
0.10 0
0.99 0
0.99 0
0.09 0
0.08 0
ix ***
atrfx ***
.07
.08
.08
.09
.10
.10
.11
.12
.12
.13
0.02
0.04
0.06
0.08
0.09
0.11
0.13
0.14
0.16
0.17
5.11067e-02
-6.69596e-02
5.11027e-02 -6.69626e-02
******** OUTPUT ********
-. 02
0.01
0.04
0.06
0.09
0.12
0.14
0.17
0.19
0.22
1.48944e-02
parameter values-----
0.226255 +- 0.454521
2.58981 +- 0.560239
0.795403 +- 0.122043
.............. data variance = 5.37367e-03
- reduced parameter values and stnd deviations -
qs = 44.1979 range: ( -43.8086 14.6891
k = 388.875 range: ( 17.046 1412.70
rho pf = 0.795403 range: ( 0.673369 0.917446
Figure 6.20: Resolution and covariance matrices for the inversion results of the saud/shale
example at depth 2020.
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-. 07
-. 03
0.01
0.12
0.16
0.19
0.23
0.26
-.11
-. 06
-. 01
0.04
0.08
0.13
0.17
0.22
0.26
0.30
---- final
x(1) --- >
x(2) --- >
x(3) --- >
---- > Iteration * 1
XM(1-mm)- 0.212086
SSQ - 5.39808e-02
---- > fteration * 2
XM(1-mm)= 0.224684
SSQ = 3.84566e-02
---- > Iteration # 3
XM(1-mm)= 0.225017
SSQ = 3.83294e-02
---- > iteration * 4
XM(l-mm)= 0.224933
SSQ - 3.83284e-02
---- > iteration * 5
XM(I-mm)= 0.225024
SSQ = 3.8328ge-02
---- > iteration * 6
XM(1-mm)= 0.226255
SSQ = 3.83261e-02
2.54698 0.671122
LVBMQT = 8.00000e-02
2.59009 0.784291
LVBMQT - 8.00000e-02
2.59265 0.794347
LVBMQT = 2.80000e-02
2.59325 0.795503
LVBMQT - 5.0000ge-03
2.59277 0.795355
LVBMOT = 1.25000e-03
2.58981 0.795403
LVBMQT - 1.25000e-03
21GTdl= 0.124811
21GTdl= 0.253977
2IGTdl= 2.30439e-02
2IGTdl- 2 .4 3 295e-03
2IGTdlI 2 .5 9 185e-04
2IGTdI= 1.87164e-03
Figure 6.21: Iterative solutions for the sand/shale example at a depth of 2020.
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initial ssq --- 5.49521e-02
Chapter 7
Conclusions
The primary objective of this thesis has been to investigate the variations in the velocity
and attenuation of borehole guided waves due to variations in the physical properties
of subsurface formations, and to use these variations as a means of estimating in-situ
formation properties. The two formation properties of particular interest are the for-
mation shear wave attenuation factor and the in-situ permeability. Prior to developing
methods of estimating these parameters, a detailed study of the Stoneley and pseudo-
Rayleigh wave sensitivity to a number of parameters was undertaken. The sensitivity
analysis was carried out for realistic borehole models which included the effects of for-
mation altered zones, the presence of casing and associated cement, and the effect (,f
a fluid annulus behind casing (free pipe). The results of this sensitivity analysis indi-
cate that both the Stoneley and pseudo-Rayleigh waves are sensitive to the formation
shear wave attenuation value and shear wave velocity. The Stoneley wave is most sen-
sitive to these parameters when the formation rigidity is low (slow formations), and
the pseudo-Rayleigh wave is most sensitive at frequencies close to the cutoff frequency.
The Stoneley wave behavior in fast formation cases is controlled be the borehole flind
properties at all frequencies, while the pseudo-Rayleigh wave velocity and attenuation
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are controlled by the fluid properties at high frequencies. The Stoneley wave is most
sensitive to the properties of the layers immediately adjacent to the borehole wall and
therefore the presence of a damaged or altered zone in the formation can significantly
affect its velocity and attenuation. The presence of casing also has a large effect. If
a fluid annulus is present behind the casing, two Stoneley waves can propagate, one
in the central fluid which is controlled by the properties of the casing and fluid, and
a second mode of much smaller amplitude which propagates in the fluid annulus and
is controlled by the fluid, cement, and formation properties. The pseudo-Rayleigh
wave, whose depth of investigation increases with decreasing frequency, is affected by
the presence of an altered zone, casing, or a fluid annulus primarily at intermediate
frequencies. At low frequencies, the pseudo-Rayleigh wave remains sensitive to the
formation shear wave properties, and at high freqiencies the wave remains sensitive to
the fluid properties. Variations in the borehole radius alter the resonant characteristics
of the system and shift the pseudo-Rayleigh excitation frequency range.
The model used to investigate the guided wave sensitivity to parameter perturba-
tions, and the models used as the basis for the attenuation and permeability estimation
procedures all assume frequency independent Q values in all the layers present in a
model. Prior to these developments (Chapters 4, 5, and 6), therefore, it was necessary
to investigate the validity of the this assumption. In Chapter 3 the effect of including
the borehole fluid viscosity in the wave propagation problem was addressed. The re-
sults of that investigation indicate that the attenuation due to viscous drag along the
borehole wall is a minor component of the total guided wave attenuation for normal
acoustic logging frequencies and reasonable ranges of viscosity. These viscous losses.
however, are far from negligible for low frequency acoustic applications such as the
Measurement While Drilling (MWD) method. MWD is a method for obtaining geo-
physical and engineering meaoilremeuts during the drilling of the borehole. Sensors (for
natural gamma measurements. for example) are situated near the drill bit in the bore-
hole, and the acquired information is transmitted to the surface by encoded pressure
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pulses in the drilling fluid. The pressure pulses propagate as Stoneley waves. Because
the frequencies used in this method are very low ( 0 to 10 Hz), the viscous drag losses
can be very large. Using a nominal viscosity value for an oil base drilling fluid of 100
cP, the Stoneley wave attenuation for 1-10Hz will lie between 0.05 and 0.02 (using the
zeroth order approximation from Chapter 3). The attenuation will probably be larger
than this value because the presence of the drill pipe in the borehole results in three
viscous boundary layers being present: one in the central fluid adjacent to the inside
of the drill pipe, one in the fluid annulus adjacent to the outside of the drill pipe, and
one in the fluid annulus adjacent to the formation. This more complex boundary layer
problem is worthy of further work because of the rapid increase in the use of the MWD
method in recent years.
The final two chapters of this thesis focussed on the development and implemen-
tation of methods to estimate the formation shear wave Q value and the in-situ per-
meability from guided wave measurements. The attenuation estimation method uses
measurements of the Stoneley and pseudo-Rayleigh wave attenuation (spectral ratios)
and calculated energy partition coefficients at a number of frequencies to calculate es-
timates of the fluid Q and formation shear wave Q values in open hole geometries, and
the fluid Q, formation shear wave Q, and cement layer shear wave Q values in cased
hole geometries. Application of the method to synthetic data gave excellent results
and indicated that the attenuation estimates are quite sensitive to any errors in the
borehole fluid velocity and borehole radius parameters. This sensitivity is due to fact
that these parameters can alter the partition coefficient curves for the pseudo-Rayleigh
wave near the cutoff frequency which is the region most sensitive to the formation shear
wave Q. Errors in these parameters are especially critical in cased hole geometries. Ap-
plications of the method to real data in open hole settings was fairly successful but
several problems were encountered. The fluid Q estimates were very well resolved : u'l
appeared to be very satifactory, while the formation shear wave Q estimates were q! uit.o
variable. In slow formations, the Stoneley wave gave reasonably consistent results, but
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in fast formations, the shear wave Q estimates were much less reliable. The reason for
this is that the pseudo- Rayleigh wave amplitudes at frequencies near cutoff are very
low and, therefore, susceptible to noise contamination. The use of noise reduction tech-
niques such as some form of data stacking in zones of constant lithology could improve
these results. The use of data from a larger number of receivers could also help in this
regard. It should also be kept in mind that the guided wave amplitudes can be affected
by scattering from vertical heterogeneities such as fractures or impedence contrasts in
the formation. Such features would also result in errors in estimated Q values.
Finally, the use of Stoneley wave measurements to estimate in-situ permeability
variations was the focus of the final chapter. Stoneley wave phase velocity and atten-
uation measurements show excellent correlation with core permeability measurements
in a number of studies encompassing a wide variety of lithologies and permeability
ranges. In an effort to explain the measured variations and to try to estimate in-situ
permeability variations from aacoustic measurements, the Biot-Rosenbaum model was
applied to the problem. The results of forward modelling calculations indicate that
this model can explain many of the Stoneley wave attenuation variations, but is in-
adequate to explain the phase velocity sensitivity. One possible reason for the phase
velocity inconsistency is the presence of a thin mudcake layer along the borehole wall.
The model accounts for such a layer by limiting the pressure communication between
the borehole and pore fluid systems through an acoustic impedence factor. The use of
such a factor may not be an appropriate model for the mudcake behavior which will
usually have some finite thickness and may behave like a semi-permeable membrane.
Because the Stoneley wave velocity and attenuation are very sensitive to the formation
properties close to the borehole wall, the mudcake elastic properties and the possible
existence of an altered zone in the formation may have a large effect on the pha:se
velocity measurements and these are factors are not included in the model. An invere
problem based on the Biot-Rosenbaum model and measured Stoneley wave attennu:-
tion values provided very reasonable estimates of the in-situ permeability variations.
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The measured phase velocity values provided a good indicator of relative permeability
variations when corrected for all elastic property changes.
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